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ABSTRACT
JANET A. BURRIS. Survival and Behavioral Responses
of the Snail Elimia clavaeformis (Lea) in a Metal
Contaminated Stream.  (Under the Direction of Dr.
Arthur Stewart)
The responses of transplanted snails, Elimia clavaeformis
were used to assess in situ toxicity and the bioavailability of
metals in a stream. Bear Creek, draining a large waste disposal
area near Oak Ridge, Tennessee. Caiged snails were placed monthly
at four study sites in the contaminated stream and one study site
in a reference stream for 7 day exposures from September 1986 to
January 1987.  Substrate-filled trays containing snails were also
placed in i6ach site for 30 day exposures. Toxicity (measured as
the percentage of snails stressed or dying) decreased with
distance downstream. Aluminum, cadmium and strontium were
significantly (p < 0.05) accumulated by the snails at the most
upstream study site compared to background levels of these
metals in snails from the reference site. Cadmium and
cobalt accumulation in the snails correlated with duration
of exposure. Marked Elimia released in the most contaminated
site exhibit abnormal patterns of dispersal compared to dispersal
patterns of snails in the reference stream and other less
contaminated sites in Bear Creek.  Suspended flocculent metal
hydroxides, suspended solids, and dissolved Cd and Ni are
implicated as potential contributors to the mortality, stress
and behavior of Elimia upstream in Bear Creek. The in situ
use of snails to assess toxicity of ambient water and the
bioavailability of contaminants is a promising technique
for evaluating ecological effects of waste disposal operations.
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INTRODUCTION
Surveys of Bear Creek, a stream in Eastern Tennessee
on the United States Department of Energy's Oak Ridge
Reservation, show that macroinvertebrates and fish increase in
numbers and diversity with distance downstream from the head¬
waters (Loar et al. 1985).  Ephemeroptera (mayflies), Plecoptera
(stoneflies), crustaceans and molluscs, for example, are
conspicuously absent from the upper reaches of Bear Creek but
are present in lower reaches of the stream.  The distribution
of Elimia (=Gonipbasis) clavaeformis (Lea), a pleurocerid snail
sensitive to heavy metal pollution, is also limited to the
lower 3 km of the 13-km stream (Loar et al. 1985).
The concentrations of metals in the water and sediments
of Bear Creek also decrease with distance downstream from the
headwaters.  This stream drains a large waste disposal area and
received contamination from four infiltration ponds near the
headwaters prior to 1984 when remedial actions were taken and
the ponds drained.
Molluscs are normally a very prolific and diverse component
of the macroinvertebrate community of Eastern Tennessee streams.
Freshwater gastropods are herbivores and at high densities can
control or regulate populations of algae and other aquatic
microbes upon which they feed (Patrick et al. 1968; Mulholland
et al. 1983). Gastropods in turn serve as a food source for
birds, turtles, fish, leeches, and crayfish (Imlay and Winger
1983; Lodge et al. 1987).
Mollusc populations are often the first organisms to be
eliminated by metal contamination in streams and once eradicated
are slow to reinvade the contaminated area (Ingram 1957).
Repopulation after the pollution ceases usually occurs only by
downstream transport of the organisms (Wurtz 1962).
Gastropods are useful in the detection of toxic heavy
metals in natural waters. Brown (1980) evaluated the survival
of Hydrobia jenkinsi (an operculate gastropod as is Elimia)
in the river Holme (England) and its tributaries by caging
the gastropods and placing them at sites downstream from
pollution discharges. These in situ tests were capable of
detecting intermittent discharges of toxic heavy metals
especially copper and hexavalent chromium.  Hoehn and Sizemore
(1977) used caged Elimia to assess the in situ toxicity of
stream water receiving acid mine drainage.  The snails died
after 96-hr of exposure at all sites below acid mine drainage
streams, but did not die at an upstream control station.
Bluegill tested in situ were not adversely affected at the
same stations after 192-hr.
In this study, the responses of snails transplanted to
study sites in Bear Creek were used to assess water quality.
Chemical analyses of the transplanted snails were then used
to determine the bioavailability of various metals.  Snail
ejcposures were designed to identify possible factor(s)
adversely affecting resident macroinvertebrates, and more
specifically to determine if metals now serve to limit the
distribution of sensitive macroinvertebrates to the lower
reaches of Bear Creek.
The snail Elimia clavaeformis was used as the test
organism for the manipulative field studies. This snail is
common and abundant in most streams in the area; it tolerates
handling well, and is easily collected and transported.
The survival and behavioral responses of the snails when
exposed in Bear Creek were evaluated by:
1) In situ toxicity tests of Bear Creek water
with caged snails;
2) Snail transplants which served to expose the
animals to all aspects of the environment;
3) Observation of dispersal patterns of
transferred marked snails in Bear Creek
and in an non-contaminated stream; and
4) Laboratory experiments, in which the snails
were exposed separately to food, sediments
and suspended solids to allow analysis of
components of the system potentially
responsible for behavioral patterns and
mortality.
LITERATURE REVIEW
Bear Creek watershed
Located on the United States Department of Energy
reservation in Oak Ridge, Tennessee, Bear Creek has a
drainage area of about 19.4 km^ and flows for 12.9 km before
joining East Fork Poplar Creek (Figure 1). About 65S5 of the
Bear Creek watershed is forested; the remainder consists of
waste disposal areas (Loea* et al. 1985).
The substrate in Bear Creek consists of small rubble
and gravel with occasional bedrock outcrops. There are obvious
silt deposits on the substrate in the upper reaches due to
unstable stream banks and an adjacent construction spoil area.
Aluminum, iron and manganese hydroxide precipitates coat the
substrate surfaces at the extreme upper reaches (Loar et al.
1985).
The major source of pollutants to the Bear Creek system
originated from four holding ponds near the headwaters of the
stream (Figure 1). The ponds, constructed in 1953, served
as receiving basins for nitric acid wastes from a nuclear
weapons manufacturing facility (the Y-12 Plant). The ponds
also contained various heavy metals and some organics.  As
a result, pH values for the water in the upper portion of
Bear Creek were consistently low, below 5.2 to the 11.9 km
point in a 1974-75 survey. Neutral pH values were only
observed downstream below Bear Creek 6.3 km and 4.3 km in
1981-83 and 1974-75 respectively. After the ponds were
neutralized in 1983 the pH of Bear Creek water rose to
7.0 at the 12 km site (Figure 1) <Loar et al. 1985).
The ponds were drained in 1984.
Organic contaminants in Bear Creek
In 1983-84, surface water samples from Bear Creek were
analyzed for a broad spectrum of organic priority pollutants.
Volatile organic compounds (VOCs) were the only detectable
priority pollutants. The highest combined VOC concentrations
were detected at Bear Creek 9.99 km at 225 ppb in August 1984;
136 ppb in October 1983 and 206 ppb in March 1984.  VOCs declined
to < 10 ppb 0.5 kilometers farther downstream (Loar et al. 1985).
Maximum concentrations of VOCs detected in Bear Creek water are
at least a factor of 10 below those known to be chronically toxic
to aquatic organisms (Federal Register 1980).
Sediment samples from Bear Creek, analyzed for priority
organic pollutants, contained low levels of VOCs, and poly-
chlorinated biphenyls (PCBs).  The distribution pattern of
VOCs in the sediments of Bear Creek parallels their distribution
in the water.
Total PCBs measure in Bear Creek sediments between BCK
9.99 km and 7.87 km were as high as 0.82 ppm. Fish from these
areas of Bear Creek contained levels of PCBs approaching 1 ppm
in 1983, but concentrations have since decreased to less than
0.1 ppm (Loar et al. 1985).
Inorganic contaminants in Bear Creek
Analyses of Bear Creek water in 1983-84 revealed elevated
levels of Al, Ba, B, Ca, Mg, Mn, Na, Sr, U, nitrate and sulfate.
Water in the uppermost reaches of Bear Creek also contained
excess amovints of Cd, Cu, Pb, Ni, Ag and Zn.
Maximum concentrations of the potentially toxic inorganic
ions detected are listed in Table 1 (Loar et al. 1985). Concen¬
trations of Cd, Cu, Pb and Ag exceeded EPA Water Quality Criteria
(Federal Register 1980).
The sediments in upper Bear Creek are contaminated with Cd,
Cu, Li, Ni and Zn. The concentrations of these metals in the
sediments of Bear Creek decrease with distance downstream.
Maximum levels of these metals in Bear Creek sediments and
those of a non-contaminated stream (Grassy Creek) are given
in Table 2.
Mercury is an important contaminant in other streams
affected by operations at the Y-12 Plant but is not a major
contamin£Uit in Bear Creek sediments or water.
Concentrations of mercury in Bear Creek water are
detected only at Bear Creek 12 km ranging from < 0.0002 ppm
to 0.0014 ppm and averaging 0.0004 ppm (McCauley 1985).
The highest concentrations of Hg in Bear Creek sediments
have been reported to occur at Bear Creek 12 km at a meucimum
concentration of 13 ppm. Respective concentrations of Hg
detected in sediments from Bear Creek 11.4 km, 9.7 km, 4.5 km
and 0.6 km are 1.3 ppm, 1.7 ppm, 0.33 ppm and 0.12 ppm
(VanWinkle et. al. 1984).
Biological surveys of Bear Creek
In streams contaminated with metals, macroinvertebrates
(except chironomids and tubificids) are virtually eliminated.
There is an apparent relationship between extent of pollution
and the proportion of the macroinvertebrate community composed
of chironomids (Winner et al. 1980). Macroinvertebrate
communities stressed by sewage and metals are dominated by
collector gatherers and filterers to the virtual exclusion of
scrapers (grazers) (Kondratieff et al. 1984). Cuffney et al.
(1984) found that the community structure of a pesticide stressed
stream consisted of large numbers of collector/gatherers and
predators (Oligocheata, Chironomidae, Turbellaria) and no
insect biomass or density (scrapers).
In Bear Creek, the diversity and density of benthic
organisms increases with distance downstream from the headwaters
(Figures 2 and 3). Ephemeroptera (mayflies) and Plecoptera
(stoneflies) are absent from the upper reaches of Bear Creek.
However, they are found downstream of Bear Creek 9 km and
increase in density and in number of taxa with distance
downstream from this site (Figure 4). Chironomid taxa compose
most of the macroinvertebrate community in the upper portion of
Bear Creek (9.4 km to 12.4 km) with the proportions of chironomid
taxa composing the community decreasing below Bear Creek 9.4 km
(Figure 4). Pleurocerid gastropods (notably Elimia and
Pleurocera) are confined in their distributions to sites
downstream from Bear Creek 3.25 km (Loar et al. 1985).
The biology of Elimia clavaeformis (Lea)
Classification
Phylum: Mollusca
Class: Gastropoda
Subclass: Prosobranchia
Order: Mesogastropoda
Superfamily: Vermetoidea
Family: Pleuroceridae
Genus: Elimia (formerly Goniobasis)
Prosobranchia are unique in that they possess an operculum
and gills (Figure 5). Pleurocerid gastropods are limited
largely in their geographic distribution to the southeastern
United States; Elimia however, occupies the entire U.S.
(Woodard 1934; Burch 1982). The genus Elimia includes 83
North American species of freshwater gastropods.
The shell
Gastropod shells are generally characterized according to
size, shape, shell surface, and direction of coiling (Figures
6, 7 and 8).  The terminology used in the description of
gastropod shells is given in Figure 9. Pleurocerid shells in
general are thick, solid and vary in shape from elongately
conical to subglobose (Burch 1982). The shell is covered with
a thin, pigmented epidermis which functions in the protection
of the calcium carbonate composing the shell skeleton (Pennack
1978).
Substantial variations in the size, shape, thickness and
surface markings of shells occur in many genera and for Elimia
in particular (Woodward 1934; Pennack 1978). Often variations
within a species correlate with ecological factors.  For example,
Ca concentration in the water affects the thickness of the shell
while wave action affects shell shape.  In rapid streams shells
are generally shorter and have larger aperatures (Pennack 1978).
Length of the shell is dependant upon environmental
conditions, and the amount of erosion. Shell length rarely
correlates with age. Age is related to the width of the whorls
independent of erosion. Individuals from the same species and
location which have the same number of whorls belong to the
same age class (Goodrich 1945; Daizo 1965).
Many pleurocerid gastropods in East Tennessee streams
have incomplete spires due to prominent shell erosion.  The
cause of this erosion is unknown.  Shell erosion has also
been noted for Elimia livescens populations in Michigan by
Goodrich (1945).  In that study, the erosion was attributed
to abrasion by silt particles, chemicals in the water, and
chemicals produced by algae attached to the shell surface.
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Sense organs
The eyes of Elimia are situated at the base of the
tentacles.  Little is know about the powers of vision (Dazo
1965).
Otocysts (statocysts) are located on each side of the animal
(Figure 10). The otocysts consist of small fluid-filled sacs
containing calcareous bodies called statoliths. The otocysts
function in the maintenance of equilibrium and in the ability of
the snails to detect vibrations (Pennack 1978).
The osphaadium serves to test water entering the pallial
cavity for physical and chemical properties.  The osphaadium
aides in the identification and selection of food by the snail
(Dazo 1965) (Figure 11).
The tentacles eure long, slender, retractable extensions
of the head and are used as organs of touch (Deizo 1965) (Figure
12).
The digestive system
The digestive system of Elimia is shown in Figure 12.
Cartileige and muscle within the buccal mass work together to move
the radula.  The radula is a longitudinal, toothed, straplike,
chitinoid structure unique to gastropods.  It is used to scrape
food from surfaces and grind it before digestion.  Radular teeth
are continually replaced and their structure varies with the
taxon of the snail (Pennack 1978).
Once macerated in the buccal mass, food passes down the
nesophagus and into the stomach where it is further pulverized by
the rotating action of the crystalline style eigainst a thickened
portion of the stomach called the gastric shield. The pulverized
material then passes through a small intestine (Figure 12) (Dazo
1965; Pennack 1978).
Cellulases, enzymes responsible for the digestion of
cellulase, facilitate the digestion of plant material consumed by
the geistropods.  It is not known if the celluleises are produced
by the gastropod or by bacteria residing in the gut (Calow and
Calow 1975).
Excretion
A kidney is the organ of excretion in gastropods. Metabolic
wastes are emptied through the kidney from openings in the
pallial and pericardial cavities (Figure 11 and 12; Dazo 1965).
Circulation
Gastropods have a two-chambered heart with one auricle and
one ventricle (Figures 11 and 13). Blood is pumped to the body
through a series of arteries and capillaries to sinuses which are
collectively referred to as the hemocoel. The blood is then
returned to the auricle through a series of veins. The blood
transports oxygen and contains a copper-containing compound
(hemocyanin) as the respiratory pigment (Dazo 1965).
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Respiration
In the gastropod families Ampulariidae, Bithyniidae,
Viviparidae, Pleuroceridae, Thiaridae, Hydrobidiidae, and
Neritidae respiration is aquatic and occurs by use of an internal
gill (Figure 12).
In the gastropod families Physidae, Lymnaedae, Planorbidae,
Ancylidea, Lancidae, and Acroloxidae, respiration occurs by use
of a "lung".  These snails are collectively referred to as
pulmonates and compose the Subclass Pulmonata.  The pulmonate
"lung" is an air filled, highly vascularized portion of the
mantle occupying about half of the body whorl.  The opening to
the pulmonary cavity is called the phneumostone and it is
situated where the mantle and shell meet the foot (Pennack 1978).
Reproduction ;
In the Pleuroceridae the sexes are separate.  The only
observable difference between male and female is the presence in
the female of a small pit and groove located just posterior and
lateral to the base of the right tentacle. No external
copulatory organs are present, and fertilization occurs within
the groove (Woodward 1934; Pennack 1978).  The reproductive
systems of Elimia are shown in Figure 14.
In Elimia clavaeformis mating occurs during the fall.  The
fertilized eggs are subsequently laid singly with a soil or
detritus covering from March to June. Embryonic development
under laboratory conditions requires 11-d (Dazo 1965.  Sexual
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maturity is reached after approximately 18 months and the snails
begin laying eggs at about two years of age.  The life span for
Elimia species in general is 2 to 3 years (Dazo 1965).
Habitat of Elimia
Elimia species are found in various habitats, including
swift rivers, small streams, and springs, to open lakes. Such
waters in the southeast U.S. are home to what has been described
as the richest and most diverse gastropod fauna in the world
(Davis 1977). This extremely diverse mollusc fauna is attributed
to the mild climate, the varied topography of the region and the
high calcium content of the waters (Wells et al. 1983).
Chemical parameters affecting gastropod populations include
pH, hardness, alkalinity, and dissolved oxygen content of the
water. Pleurocerid gastropods are usually found in waters above
pH 7.0 with the ideal pH range of Elimia being 8.1 to.4 (Dazo
1965).  Hardness (or more applicably calcium content) of the
water is
important to shell formation; and in general, molluscs do not
tolerate concentrations below 2-6 ppm. Gastropods can tolerate a
wide range of alkalinity but higher gastropod density is linearly
related to alkalinity with the more alkaline streams containing
more snails and snail species (Shoup 1943; Deizo 1965).  Anoxic
conditions are not well tolerate by "gill-breathing" prosobreuich
snails.  The dissolved oxygen tolerances of Elimia range between
4 to 14 ppm with the snails being able to withstand short periods
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of anoxia (Harman 1974).
Pleurocerid snails are generally considered to be clean-
water organisms that do not tolerate much pollution or physical
disturbance (Goodrich 1945; Dazo 1965; Pennack 1978). Geustropods
are especially sensitive to heavy metal pollution and to Zn, Cu,
Hg and Ag in particular (Wells et al. 1983). Mollusc populations
are usually the first orgeuiisms to disappear from metal-
contaminated streams or rivers; once eliminated, they are
typically slow to reinhabit the area (Ingram 1957; Wurtz 1962).
Physical disruption of stream and river habitats creating
siltation is detrimental to molluscs.  Siltation adversely
affects gastropod populations by:  (1) Burial of crevices, which
in turn eliminates microhabitats and reduces food supply; (2)
abrasion of shell epidermis which allows carbonic acids to erode
the CaCOs of the shell; (3) disruption of egg development
(Chutter 1969; Harman 1974; Wells et al. 1983). Goodrich (1945)
noted that Elimia can endure periodic silting; and Krecker
(1924) found Elimia residing on fine silty mud" substrate.
However, extended exposure to fine silts and clays smothers the
animals by clogging their gills and eliciting excess mucous
secretion (Stansberry 1970).
Tolerance of jgastropods to metal exposure
Laboratory studies on the toleremce of various species of
gastropods to metals are summarized in Appendix I, Most
information available on metal toxicity to snails involves copper
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compounds and pulmonate gastropods. This is due to the fact that
copper is widely utilized as a molluscicide in the control of
g£ustropods serving as intermediate hosts to schistosomes.
Pulmonate snails are often the intermediate hosts of this
parasite (Imlay and Winger 1983),
Invertebrates, in general, show similar or greater
sensitivity to heavy metals eus fish when exposed to longer
periods than 96-hr (Spehar et al. 1978). Toxicity test values
for gastropods exposed to heavy metals for more than 96-hr are
consistently lower than acute test (< 96-hr) values.
Operculate gastropods differ physiologically and physically
from pulmonate gastropods and  these differences can affect their
responses to metals.  For example, gastropods possessing an
operculum may be able to protect themselves more effectively
from acute exposures to metals, but may also be more sensitive to
chronic exposures due to potential gill damaige. Metal tolerance
also varies substantially from species to species (Appendix I).
Sublethal toxic response of gastropods to metal exposure
When exposed to toxic metals gastropods exhibit a distress
sjTidrome first describe by Harry and Aldrich in 1963.  Distress
is characterized by extension of the foot from the shell with
apparent immobilization.  The snail is unable to retrace its
foot or right itself.  The distress reaction has been recorded
for the snail Taphius glabratus when exposed to 0.05 to 0.1 ppm
of Ag, Cd or Cu as well as 20-150 ppm Mn, 30-300 ppm of Co, 1-5
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Pfffli Al, 1-20 ppm Ni, 5-20 ppm Ba, 5-20 ppm Cr, or 10=40 ppm Fe^*.
Sullivan and Cheng (1975) noted the distress reaction of T,
ftlabratus when the snails were exposed to 0.06 ppm of Cu. Spehar
(1978) also observed the distress reaction of Physa integra
exposed to Cd at 0.028 ppm.
Acute doses of heavy metals cause gastropods to retract
inside their shells. Campeloma decisum. for example, tightly
closes its operculum when Cu concentrations exceed 1 mg/L.  This
species remains mobile only when Cu concentrations are  below 0.03
mg/L. Distress occurs in C. decisum when this snails is exposed
to Cu concentrations of 0.03-1.0 mg/L. The authors concluded
that most operculate snails would be able to withstand large
short-term doses of copper that would eliminate most pulmonate
gastropods. However, exposure to 0.0148 ppm of Cu for 6-wk
resulted in the same effects for both the pulmonate and
prosobranch species tested (Arthur and Leonard 1970).
Snails exhibit distress to a wide range of metal
concentrations and retraction when exposed to higher
concentrations of the same metal. Harry and Aldrich (1966) found
that the lower the concentration of metal needed to produce
retraction, the narrower the range of concentrations causing
distress. Cu, for instance,is very toxic to gastropods. Ionic
Cu causes distress at concentrations of 0.05-0.1 ppm and
retraction above 1 ppm. Exposure to Ni at a concentration > 20
ppm, however, causes retraction with a distress response
occurring at concentrations ranging from 1 to 20 ppm.
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Sublethal effects of metal exposure
Consequences of exposures to sublethal concentrations of
metals in gastropods include:  feeding cessation, reduced growth,
and reduced fecundity. Apple snails ceased feeding at Cu
concentrations lower than those observed to cause distress and
feeding by this species was considered to be the most sensitive
indicator of toxicity (Winger et al. 1984). Arthur and Leonard
(1970) also observed feeding cessation in Campeloma exposed to
14.8-28.0 ug/L of Cu. Physa exposed to the same concentrations
as Campeloma did not exhibit growth whereas reduced growth did
occur in Aplexa exposed to sublethal levels of Cd (Holcombe et
al. 1984). Exposure of the marine bivalve mollusc, Crassostrea
virginica. to sublethal concentrations of Hg and Zn inhibited
shell growth (Cunningham 1976). Reproductive failure was also
observed in Physa gyrina and Aplexa sp. exposed to Cd (Wier and
Walter 1976; Holcombe et al. 1984). Physa sp. reproduced at
copper concentrations of 8.0 ug/L and below, but not
at higher concentrations (Arthur and Leonard 1970).
Mode of toxicity
Epithelial surfaces of snail tissue fvmction in oxygen
uptake, osmoregulation, locomotion, perception and in shell
formation (Zylstra 1972).  Distress due to toxic metals
apparently results from the disruption of the epithelial
membranes. The distress reaction does not depend upon the amount
of ion sorbed onto the membrane but rather on the concentration
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of the metal ion in solution (Yager and Harry 1964; Sullivan and
Cheng 1975).
Retracted Taphius glabratus exposed to 60 ppm of Cu for 12-
hr had less tissue damage than distressed snails of the same
species exposed to 0.06 ppm of Cur for 60-hr. The behavioral
reaction of snails to 60 ppm Cu is believed to account for the
differences in tissue damage.  The retracted snails were
protected from Cu exposure; while the tissue of snails in
distress was fully exposed to the metal ions. Retracted snails
also produce a thick layer of mucous that covers the head and
foot providing an extra measure of protection (Sullivan and Cheng
1975).
Factors influencing toxicity of metals
The toxicity of metals to aquatic organisms is closely
correlated with the concentration of free, uncomplexed metal ion
(Rand and Petrocelli 1985; Huntsman and Sundra 1980).
Aquatic humic and fulvic materials in natural water are
capable of complexing with free metal ions which in turn reduces
their toxicity to organisms (Weber 1980; Tuschall and Brezonik
1980; Langford et al. 1980).  The toxic effect of Cd on the alga
Selenastrum capriconutum was reduced in the presence of aquatic
humic material (Sedlacek et al. 1980).
Suspended solids also reduce metal toxicity by complexing
free metal ions. The addition of sediment or detritus reduces
both the toxicity of Cu to the snail Pomacea paludosa. and the
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concentration of Cu in solution (Winger et al. 1984).
pH markedly affects the speciation of metals in water.  In
general, the lower the pH the greater the concentration of free
metal ion and the greater the toxicity.  The toxicity of Cd, Zn
and Cu to aquatic biota decreases with increasing pH (Campbell
and Stokes 1985). Exposure of the snail Aplexa hypnorum to Cd at
low and high pH resulted in reduced percentage hatch, survival
and average shell length under low pH conditions (5.0-5.7) and no
significant effects above pH 7.0 (Holcombe et al. 1984),
In alkaline waters metals form insoluble and/or non-toxic
hydrates, while acid waters dissolve the hydrates and
resolubilize the metals where they are potentially toxic. This
protective action of alkaline waters toward metal toxicity is
supported by experimental evidence.  The gastropods, Physa
heterostropha and Helisoma. compemulata. were more susceptible to
Zn and Cu when exposed in soft water (Wurtz 1962).  The 96-hr TLm
for Stagnicola emarginata and Physa spp. was higher (0.083 mg/L)
at 80 mg/L alkalinity than at 6.2 mg/L alkalinity when exposed to
cupric sulfate (Harman 1974).
Other factors which influence the toxicity of metals to
gastropods include water harness, water temperature and eige of
the organism.  Hardness is defined as the concentration of Ca*+
and Mg+* ions in solution (Snoeyink and Jenkins 1980). Ca ions
are capable of reducing the toxicological effect of metal ions.
The toxicity of metal ions is reduced in hardwater ecosystems due
to competition by the Ca ion with toxic metal ions for binding
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and transport sites on the cell membrane (Williams 1981) and
reduced Cd solubility in the presence of carbonate (Weber and
Posselt 1974).  Spehar and Carlson (1984) found that hardness had
little effect on Cd toxicity to fathead minnow larvae. Carroll
et al. (1979), however, found Ca but not Mg ions to be protective
against Cd toxicity to brook trout.
Temperature influences metabolic rate and as a result the
toxicity of metals (Mathis et al. 1979). Wurtz (1962) found that
Zn toxicity to young Physa heterostropha increased with
decresising temperature in hard water. However, there was no
effect of temperature on Zn toxicity in soft water.
Juvenile gastropods are more sensitive to toxic heavy metals
than adults.  Toxicity test values resulting from Zn and Cu
exposure to young Physa heterostropha were four to seven times
lower than those of adult snails.  Young Biomphalaria glabrata
were more sensitive to Cu than adults and immature Physa gyrina
were less resistant to Cd (Appendix I).
Bioavailability and accumulation of trace metals
Bioaccumulation can be defined as the ability of an organism
to concentrate a substance from its environment (Taylor 1983).
The bioaccumulation of metals by aquatic organism may not elicit
a response (lethal, sublethal or behavioral), but a response does
not occur with out accumulation (Luoma 1983). Accumulated doses
reflect only those forms of the metal which are biologically
available to the organism (Simkiss et al. 1982).
21
Freshwater gastropods do bioaccumulate metals from their
environment.  Physa spp., removed from ponds receiving effluent
from a coal-fired electrical plant with 0.0031 and 0.0017 pian Pb
and Cd in the water and 4,500 and 450 times as much respectively
in the sediments, had Cd and Pb levels higher than those of the
sediments (Mathis et al. 1979). Cd accumulation decreased with
increasing trophic level (Aufwuches > macrophytes >
grazers/collectors > predators) in hard water stream microcosms
dosed with 22 ug/L Cd for 21 days.  The invertebrate/grazer
community was adversely affected by the exposure the two
surviving individual gastropods contained 64 and 165 Ug/g of Cd
(Selby et al. 1985).
A portion of the accumulated metal appears to be strongly
bound and not readily excreted.  Lead elimination by P. integra
was rapid after four days after removal from exposure but a
portion was not eliminated. No elimination of Pb was observed
for the snail Campeloma decistan exposed under the same conditions
(Newman and Mclntosh 1983b).  Elimia clavaeformis with a short
exposure to Cd in a field dosing experiment, exhibited uptake of
the metal and subsequent elimination with some retention of a
portion of the initial accumulation ((Huckabee and Blaylock
1972).
Sources of metals potentially available to gastropods
include: water, food, suspended solids and sediments. Metals
taken up from these sources must cross an environmental interface
which is a biological non-polar lipid membrane separating the
22
external and internal environment of the organism. Polar
compounds, such as metal ions, usually transverse biological
membranes via a carrier mediated transport system. Endocytosis
is also important in ion transport across membranes and has been
observed in mollusc tissues (Spronk et al. 1973).  In freshwater
molluscs the major sites of metal uptake across membranes are the
shell epithelium and gills (Cassini et al.1983).
The shell epidermis is a microvillus layer of cells with
numerous vesicles, mitochondrian, Golgi bodies and lysosomes.
These cells are involved in the uptake of solutes and ingestion
of particulate matter from the external environment (Zylstra
1972). Spronk et al. (1973), in a study of Cu uptake by the
shell epidermis of the snail Lymnaea stagnalis. found that the
shell accumulates more copper than any other body part and that
Cu taken up via this route' contributes substantially to the
tissue burdens of Cu. Head, food, and mantle rim epithelium were
also important sites for Cu uptake. Of the Cd accumulated by
Helisoma anceps. 60X was found in the shell and 40%  in the soft
tissues (Dillaman 1980).  Shell epithelium is also the site of
uptake and ingestion of particulate matter. Particles are
engulfed by the membrane during endocytosis, incorporated inside
intracellular vesicles, and digested by the lysosomal system
(Zylstra 1972).
The gills of the marine bivalve mollusc Protothaca staminea
serve as a major route of Cd bioaccumulation with a
bioconcentration factor of 266 based on the dry wpight of the
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gill after 48-hr of exposure (Hardy et al. 1981).
Bioavailability of metals to aquatic organisms in general is
independent of the concentration of complexed metals and depends
instead on the concentration of free metal ion (Luoma 1983).
Physa Integra exposed to soluble Cd concentrations of 3 ug/L and
greater accumulated significant amounts of the metal depending on
concentrations in the water (Spehar et al. 1978).
Jop and Wojton (1982) found that concentrations of Pb and Cd
in the insect larvae Ephemer danica and Baetis vernus. the isopod
Asellus aquaticus. and the amphipod Gammarus pulex were not
always proportional to concentrations in the water. However,
there was a significant correlation between concentrations of Ca
in water and the concentration of Cd and Pb in these organisms.
Initial uptake of Cd by the snail Ampullaria paludosa was faster
in hard water but total accumulation of Cd was higher in snails
exposed in soft water (Kinkade and Brdman 1975). Calcium seems
reduce metal bioavailability and in turn bioaccumulation.
The accumulation of metals from food by aquatic
invertebrates is highly variable due to the variety of free and
bound forms (Rand and Petrocelli 1985).  Lead was slowly
accumulated from food sources at a rate of 0.52 - 3.37 yig Pb/g
dry weight tissue per day by Physa integra with a concentration
factor of 8,500 (Newman and Mclntosh 1983a).  Although, exposure
to Cu contaminated detritus had no detrimental effect on the
apple snail Pomacea paludosa, snails reared with the contaminated
detritus accumulated significant concentrations of Cu (Winger et
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al. 1983).  Ingested Cu can be transferred within the soft
tissues of the snail Lymnaea stagnalis (Spronk et al. 1973) and
in some studies ingestion of Cu-contaminated food by snails has
resulted in mortality (Barbosa 1961; Brackett 1939).  Although
experimental evidence suggests that food is an important source
of metals, a quantitative estimate of its contribution to total
body burdens has not been possible (Luoma 1983). There also
seems to be a lack of definitive information regarding the
factors influencing bioavailability of toxic metals from food
sources (temperature, metal speciation, food type, etc.).
Another source of metals are ions complexed with suspended
particulate matter or present as dissolved solids.  Humic acids,
pyrophosphate, or aminopolycarboxylic acids are effective in
complexing Cd and decreasing bioaccumulation in Daphnia magna.
Complexation with diethyldithiocarbamate increased
bioaccumulation of Cd by D. magna (Poldoski 1979). Yager and
Harry (1966) found that prior complexation with EDTA inhibited
slightly cadmium uptake from solution by the snail Biomphalaria
glabratus.  George and Combs (1977) found that prior
complexation of Cd with EDTA, humic acid and/or alginic acids and
pectin doubled the uptake rate by Mytilus edulis and eliminated
a leig period in Cd uptake when Cd was available as CdClz.
Bioavailability of complexed metals also varies considerable from
species to species (Lake 1979).
Sediments provide the most concentrated source of most
metals. Accumulation of metals from sediments is dependent upon
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metal speciation and binding intensity. Tightly bound metals are
less available (Luoma 1983). Newman and Mclntosh (1983a) found
no significant accumulation of Pb from sediments by the
deposit/suspension feeding gastropod Campeloma decisum.
The bioavailability of metals to aquatic organisms from any
source is dependent upon the form of the metal, and the presence
of other metals. Uptake of essential trace metals (Zn, Cu, Co)
is usually not dependant upon concentration in the water, as they
undergo homeostatic regulation by the organism. However, uptake
of non-essential metals such as Pb, Cd, Ag, and Hg are determined
by exposure (Luoma 1983).  Interactions between metals may
increase or decrease uptake of each individual metal.
Animal size and age may influence metal content in
gastropods. Size dependent accumulation veu"ies among mollusc
species. Cd content of the marine molluscs Ostrea edulis,
Mytilus edulis, Littorina littorea, and Buccinium opercularis.
was independent of size in the study conducted by Boyden (1972).
However, analysis of Crassostrea gigas. Mercefteuria mercenaria and
Venerupis decussata showed that smaller individuals had higher Cd
concentrations than larger individuals when exposed to the same
environmental conditions.  Studies of the limpets. Patella
vulgata and P. intermedia, indicate that the reverse condition is
true as the larger individuals contained more Cd than smaller
individuals.  In the case of the scallop, Pecten maximus,
individuals with a 1-2 g dry weight had Cd concentrations
independent of size while individuals with weights greater than 2
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g had size dependent Cd concentrations (Boyden 1974).
Concentrations of metals in individual molluscs may also be
dependent on age. Since Cd accumulates over the entire life span
of gastropods, this results in positive correlations between age
and Cd content (Spehar et al. 1978).
Metal storage and detoxification
There are no predictable sites of accumulation of metals in
invertebrate tissues, although organs with excretory, digestive,
and storage functions appear to be prime sites (Brown 1982).
Yager and Harry (1964) found high concentration of Cd and Zn in
the liver (digestive gland), kidney, and oviduct of the gastropod
B. glabratus.  In gastropods and other molluscs, metals are
stored in intracellular granules. Metals (Zn, Cu, and Pb) are
found sequestered in membrane bound vesicles in invertebrates
inhabiting metal enriched environments (Luoma 1983).  Sminia et
al. (1977) propose that the intracellular deposits serve as an
anion pool for the buffering of tissue fluids (hameolj^ph) while
Simkiss (1977) states that the granules are a cellular route of
metal detoxification.  Hg, Al, Cd, Cu, Co, Cr, Cu, Fe, Mn, Na,
Pb, and Zn were found in granules located in the kidney and
digestive glands of a marine bivalve (Simkiss 1977).  These
granules were also found in the connective tissue of the stomach
and intestine, and between the muscles of the foot in the
freshwater gastropod Lymnaea stagnalis (Sminia et al. 1977).
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Summary
The metal contamination in Bear Creek decreases with
distance downstream from the headwaters. Snails are organisms
sensitive to metals.  They exhibit a distress response to metals
useful as an endpoint in toxicity testing.  In addition, snails
bioaccumulate metals from their environment and would be useful
in determining the bioavailability of metals in Bear Creek to
organisms in situ.
Elimia clavaeformis. a pleurocerid snail, is confined in its
distribution to the lower 3 km of Bear Creek. Can this snail
survive upstream? Are snail responses (lethal, sublethal or
behavioral) a good indicator of water quality? Lastly, do the
transplanted snails accumulate metals? These questions sure
addressed in the following study of snails transplanted to the
metal contaminated reaches of Bear Creek.
MATERIALS AND METHODS
In situ toxicity tests using caged Elimia
Four study sites were selected on Bear Creek for in situ
toxicity testing with caged Elimia clavaeformis.  The sites are
labeled in Figure 1 as 12 km, 9 km, 7 km and 5 km, and are
located 12.36, 9.40, 7.87 and 5.15 kilometers upstream,
respectively from the confluence of Bear Creek with East Fork
Poplar Creek.
A non-contaminated reach of White Oak Creek supporting a
population of Elimia clavaeformis was used as a reference site,
as no upstream non-contaminated site on Bear Creek was available
(Figure 15).  This site is referred to as WOC 6.3 km.
In each test, ten snails collected from the reference site
were placed in separate snail cages (Figure 16). Cages were then
transported immediately to the study sites.  Four cages were
placed at each site at a uniform depth for a test period of 7
days. Water samples collected at the start of each test were
analyzed for total metal content, alkalinity, hardness,
conductivity and pH.
At the end of each test, the snail cages were transported to
the laboratory in reference stream water. Snails from respective
cages were placed in 100 mL beakers containing 80 mL of
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dechlorinated tap water.  The number of stressed and dead
gastropods were determined according to a predetermined toxicity
test endpoint system.
Snails from the September, October and November in situ
tests were analyzed for total metal content as described later.
All tests used the same method of assessing toxicity to the
snails.  The scheme is a modification of that used by Brown
(1980).  The snails were first dislodged and placed, aperature
side up, on the bottom of the chamber.  Individuals were
classified after 5 minutes as:
Not affected - Snails were able to right themselves.
Stressed -    Snails were alive and responded to
probing but were unable to right
themselves (This includes snails
exhibiting distress).
Dead -       Snails did not respond to probing.
Transplants of snails in substrate filled trays
White plastic trays measuring 23 cm X 17 cm X 4 cm (depth)
were used to transplant Elimia and rock substrata from the
reference site to the study sites on Bear Creek.  This method
allows examination of the survival of non-constrained gastropods
that were fully exposed to all elements of the Bear Creek
environment.
Three trays filled with rock and 100 snails each were placed
at Bear Creek sites under similar flow and depth conditions.
^After 30-d the remaining snails were collected. Surviving snails
were analyzed for total metal content as described later.
Movement studies
The dispersal patterns of transplanted marked snails were
observed to determine if behavioral responses of the snails could
be used as an index of adverse conditions in the Bear Creek study
sites.  For these experiments, snails were labeled with white
nail polish before being placed in plastic trays (23 cm X 17 cm X
4 cm) filled with rock substrata. One tray was placed at each
Bear Creek study site and at the reference site.  The trays were
positioned so that water flowed just over the surface of the
substrate.
The first of three movement studies was conducted at BCK
(Bear Creefi) 12 km and at the White Oak Creek reference site.
The positions of marked snails after 24-hr and 48-hr were
recorded with distance upstream or downstream being measured from
the nearest rim of the tray.
Elimia was exposed to water, suspended particulates,
sediment, food and flocculent material in samples taken from BCK
12 km in an effort to identify factors responsible for the
mortality, stress and abnormal behavior of snails at this study
site.
Exposure of Elimia to water from BCK 12 km
Elimia was first exposed to water collected from BCK 12 km
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and the reference site on January 13.  In this experiment, six
snails were added to 80 mL of water in 100 mL beakers; 4
replicates were used for each treatment.  The number of snails
surviving and stressed were recorded after 24-hr and 48-hr.
Exposure of Elimia to flocculent material from BCK 12 km
A flocculent material was observed suspended in pools at the
BCK 12 km site during this study.  A visually-similar flocculent
material from this site weus previously identified as an aluminum
hydroxide (Loar et al. 1985). A sample of the material collected
on January 13, 1987 was submitted to the Analytical Services
Division of Oak Ridge National Laboratory for ICP analysis and X-
ray diffraction for identification.
Elimia were exposed to 1 mL of the flocculent material from
BCK 12 km.  This test was conducted in 250 mL beakers, each of
which contained 200 mL of filtered water. Six snails were added
per test chamber; 3 replicates used BCK 12 km water and 3 used
water from the reference stream (White Oak Creek).  The test
lasted 48-hr.
In an additional experiment, 20 snails were exposed to 20 mL
of the flocculent material in 1.5 L filtered reference stream
water.  In this test, the material was kept in suspension by
means of a recirculation chamber (Figure 17). This test lasted
48-hr.
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Exposure of Elimia to suspended particulate matter
To assess the effect of suspended particulate matter on the
snails; the animals were exposed to non-filtered water and to
filtered water to which 0.5 g/L of particulate material was
added. Particulate material was held in suspension with a
recirculating chamber (Figure 17).
There were separate exposures of snails to 0.5 g/L suspended
BCK 12 km sediment in 1 L filtered BCK 12 km water; 1 L BCK 12 km
filtered water with no added particulate matter, and 0.5 g/L BCK
12 km sediment in 1 L filtered BCK 12 km water without suspension
of the particles.  There were three replicates of each exposure.
Exposure of Elimia to Sediment from BCK 12 km
The snails were exposed to sediment from BCK 12 km and from
the reference site to determine if contact with the fine silty
sediment from BCK 12 km adversely affected the organisms.
Sediment plates were made by creating a slurry of distilled
water and BCK 12 km sediment.  A small amount.of slurry was added
to each of the disposable plastic petri dishes, swirled until a
thin layer formed and then left to air dry.  The plates were then
added to each of 3 replicate 1000 mL beakers containing 800 mL
dechlorinated tap water. Fifteen snails were then added to each
test chamber. This test lasted 27 days.
Exposure of Elimia to food from BCK 12 km
To determine if available food sources at BCK 12 km
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adversely affected the snails and if metals were accumulated by
the snails from these sources, two artificial streams (Figure 18)
were used to expose the snails to food from BCK 12 km.
Algae-covered rocks from BCK 12 km and from the White Oak
Creek reference site were placed in separate streams and arranged
in 6 parallel feeding stations. Vaucheria. an alga abundant at
BCK 12 km, was added to the Bear  Creek laboratory stream, and
lettuce was added to the White Oak Creek stream to equalize food
density.  Three hundred snails were added to each stream, 54 at
five feeding stations and 30 at the most upstream station. The
streams were supplied with dechlorinated tap water at ambient
temperature. Water temperature, flow and the number of snails
found in drift nets, positioned at the downstream end of each of
the two streams, were recorded every 24-hr over a 14-d period.
All snails were dried, weighed, and measured (length and width)
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individually to determine statistical differences in weight and
size of animals in the two treatments. Feeding snails collected
on the 4th, 8th, and 14th days of the experiment were analyzed
for total metal content as described later.
Water chemistry measurements
The pH was determined by EPA method 150.1 using an Orion 700
pH meter. The meter was calibrated with pH 4.0 and pH 10.0
buffers. Conductance (umho/cm) was measured by EPA method 120.1
using a YSI model 31 meter.  Alkalinity was measured by titrating
50 mL water samples with 0.1 N HCl to a pH endpoint of 4.5 (EPA
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method 130.1). Hardness was measured by titration of 50 mL water
samples with EDTA to a colorimetric endpoint using Eriochrome
Black T (EPA method 130.2; USEPA 1979).
Dissolved oxygen and temperature measurements were made in
the field using a YSI model 57 dissolved oxygen meter.
Total metal analyses of water, snails, algae and sediments
After collection, water samples were acidified to pH 2 with
concentrated nitric acid.  The samples were stored frozen until
analysis. Thawed water samples were concentrated ten-fold by
evaporation before being analyzed for metal content using
inductively coupled plsisma (ICP) spectrophotometry.
Snails were rinsed thoroughly in distilled water, and oven
dried for 24-hr and stored in glass scintillation vials. Snails
were whole "body, wet acid digested using nitric and perchloric
acids.  ICP analyses of the digestates were used to determine
metal contents.
Algae samples were also digested using nitric and perchloric
acids before ICP scans.
Sediment samples were collected using a U.S. Standard Sieve
series between 2.38 mm and 180 fm  in size (#8 and #80). Sediment
samples were air dried and acid digested using hydrofluoric acid.
Metal content of the sediment digestates were determined by ICP
scans.
All acid digestion procedures and ICP analyses were
conducted by the Analytical Services Division of the Oak Ridge
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National Laboratory.
Analysis for ammonium, nitrates, and nitrites in water samples
Water samples for ammonium analysis were filtered and
preserved with 0.002 mL 1 N HCl/50 mL of water, then stored
frozen prior to analysis.  Ammonia contents of the water samples
were determined according to the method of Verdower et al.
(1978).
Samples for analysis of nitrate and nitrite were filtered
and stored frozen before analysis. Nitrate and nitrite
concentrations were determined by EPA method 353.2 (USEPA 1979).
Statistical analyses
The statistical analysis of the data was accomplished by
using the StatSoft Statistical Package (1985) on an IBM-XT
computer. GLM analysis of the variance Elimia responses in situ
in Bear Creek was accomplished by using SAS on a VAX computer.
Data in the form of proportions, such as. percent stressed or
percent mortality, were transformed before analysis:
Transformed value = arcsin * square root of the value
Statistical differences between metal contents of Elimia in
the reference stream and snails exposed to Bear Creek study sites
were determined by use of a mean difference test.  The
concentration of the metal in the reference snails was subtracted
from that in the exposed snails.  Differences were determined for
each in situ test and for the snails transplanted to the sites
36
for 30 days. A Student t-test was performed on the differences
using the test statistic:
t = (d-ud)/(sd4fi')
where d = mean of the differences, sa  =  standard deviation from
the mean difference, n = number of differences and ud = 0.
RESULTS
Response of Elimia exposed in situ to Bear Creek water
The response of Elimia placed in situ in Besu" Creek and
White Oak Creek from September (1986) through January (1987) is
summarized in Table 3. GUM (General Linear Models) analysis of
the percentage of Elimia stressed and dead during in situ
exposure to Bear Creek and White Oak Creek by study site and date
is given in Table 4.
Response of transplanted Isnails
The survival of transplanted Elimia was low (30%) upstream
and increased with distance downstream. No mortality was
observed in those snails retreived from BCK 7' km or BCK 5 km
(Table 5).  The percentage of the transplemted snails recovered
was low at all Bear Creek study sites (Table 5). Some live
snails were recovered outside of the trays:  11 at BCK 9 km; 1 at
BCK 7 km and 12 at BCK 5 km.
Dispersal of Elimia transplanted to Bear Creek
Results of the three dispersal studies are shown in Figures
19, 20 and 21.  At the reference site the snails dispersed more
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or less randomly from the starting point.  In contrast, snails at
BCK 12 km dispersed unidirectionally downstream for relatively
large distances.  Snails released at other Bear Creek study sites
moved little from initial placement.
During the second dispersal experiment at BCK 12 km released
snails moved little; this lack of movement appeared to be
attributable to high mortality (17SJ) and/or to a large percentage
of the snails exhibiting distress (77%).
Metal content of snails
The metal contents of Elimia clavaeformis removed from White
Oak Creek and the Bear Creek study sites are tabulated in
Appendix III.  A summary of the total metal content of snails
from the reference site is presented in Table 6 from the
information in Appendix III. Data given in Appendix III are
summarized in Table 7 as the mean concentrations of 14 metals
detected in the snails recovered from Bear Creek.
Elimia removed from BCK 12 km, when compared to snails
similarly incubated at the reference site, contained
significantly more Al, Cd, Co and Sr. Snails incubated in BCK 12
km also had significantly lower concentrations of Na (Table 7).
No significant correlation was found between the net amount
of Al, Cd, Co and Sr accumulated by the snails and the respective
concentrations of these metals in the water.
Correlations between net Sr, Co, A, and Cd contents of the
snails, percentage mortality, percentage of snails stressed and
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exposure durations revealed significant correlations only between
Cd content and exposure time (r = 0.96; p = 0.0039) and Co
content of the snails and exposure time (r = 0.83; p = 0.0397).
The metal content of Vaucheria at day 0, day 4 and day 14 in
the laboratory stream are given in Table 8. The metal contents
of snails exposed to the two foods from BCK 12 km (Vaucheria and
algae on rock surfaces) are given in Table 9.
Response of Elimia exposed to BCK 12 km water and to flocculent
material
X-ray diffraction analysis of collected flocculent material
from BCK 12 km showed that the material was probably an iron
hydroxide.  For the sake of simplicity it is hereafter referred
to as a flocculent metal hydroxide.
No significant mortality of Elimia occurred when the snails
were exposed to water from Bear Creek. Mortality (55%) did
occur, however, for snails exposed to the flocculent metal
hydroxide in suspension compared to 5%  mortality in the control.
Response of Elimia exposed to suspended particulate matter
Elimia exposed to BCK 12 km sediment suspended in BCK 12 km
water were more affected (p < 0.0099) than those exposed only to
filtered water from BCK 12 km (Table 10).
Response of Elimia exposed to sediment from BCK 12 km
Elimia were not adversely affected by exposure to BCK 12 km
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sediment for 27-d. Snails exposed to BCK 12 km sediment did,
however, have mucous-covered shells and foot regions.
Response of Elimia exposed to algae from BCK 12 km
Snails that fed on algae collected from BCK 12 km did not
have increased mortality.  The alga, Vaucheria. was the preferred
food source for snails residing in the Bear Creek food treatment
stream.  Sixty-one percent of snails collected at the end of 14-d
were found in association with Vaucheria.  A smaller proportion
(53*) of the snails in White Oak Creek stream were found feeding
on lettuce.
More snails drifted out of the control stream than from the
stream containing BCK 12 km food.  Slightly more than half
(50.3*) of the snails in the stream containing White Oak Creek
food drifted into the nets over the 2-wk experiment compared to
only 37.0* of the snails in the BCK 12 km food stream.  Daily
drift rates were also consistently higher in the White Oak Creek
food stream. .
No significant difference between the individual size-
adjusted weights (weight in grams per mm of width) of snails
removed from the two food treatments was found.
Metals in Bear Creek water
ICP total metals analyses of water from the Bear Creek study
sites and the reference site are presented in Appendix II and are
summarized in Table 11.  Concentrations of Ba, Ca, Co, Mg, Na and
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Sr were all significantly higher in water samples from all Bear
Creek sites than for water from the reference site. BCK 12 km
water samples were also elevated with respect to Al and Mn.  Li
was detected in water from the BCK 9 km site and in all sites
downstream but not in water from the reference stream.
Concentrations of Fe were significantly higher in BCK 9 km water
then in water samples from all other sites.
Metals in Bear Creek sediments
Total metal contents of sediments collected from Bear Creek
study sites are given in Table 12.  Sediment from the BCK 9 km
site was more contaminated than any other tested site;
contaminant concentrations decreased consistently downstream from
this site.
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Chemical analysis of Bear Creek water samples
Results of analyses of alkalinity, hardness, conductivity,
pH, dissolved oxygen, ammonium, nitrates and nitrites of water
samples from Bear Creek and White Oak Creek study sites are given
in Table 13 and 14.  The means and their respective standard
deviations are shown in Tables 14 and 15.
Water from upper reaches of Bear Creek was elevated with
respect to nitrates; concentrations of this anion decreased with
distance downstream.
Nitrites were detected only in water samples from BCK 12 km.
DISCUSSION
Response of Elimia exposed in situ to Bear Creek
The percentage of Elimia adversely affected by conditions in
Bear Creek decreased with distance downstream (Figure 22).
Response of the snails at each site depended on the date of
exposure with the lowest adverse response occurring during
October and November 1986 (Figure 23).
Overall, the positive correlation between duration of
exposure at BCK 12 km and mortality (r = 0.87; p = 0.005)
indicates that Elimia could not survive indefinitely at this
site. Conversely, Elimia transplanted to BCK 5 km showed little
or no adverse effects, indicating they could survive at this site
indefinitely.
GIM (General Linear Models) analysis of variance between
total percentage of snails stressed or dead exposed to Bear Creek
and White Oak Creek sites revealed that both site and date
contributed significantly to the overall amount of variance.  The
significant interactive effect between sites and dates (Table 12)
further indicates that a significant amount of the total
variation was not explainable by site or date alone.
Behavioral responses of Elimia in Bear Creek
Ciimmins and Klug (1979) proposed a relationship between
43
locomotion of macroinvertebrates and physicochemical factors in
the environment in determining macroinvertebrate distribution and
abundance.  Rapid migration and drift—"macromovements"—were
postulated to occur in response to suboptimal physicochemical
factors or insufficient food.  "Micro-movements" are a response
of orientation to flow and turbulence.  The amount of time spent
feeding increases with food density which creates an inverse
relationship between locomotion and feeding.
Marked Elimia at BCK 9 km, 7 km and 5 km moved little from
the point of initial placement (Figure 21) and showed no adverse
responses during the 24-hr to 48-hr exposures.  The snails were
observed feeding and apparently remained stationary to graze on
the abundant food.  In comparison, Elimia at the reference site
where the density of other grazers was high and food density low
showed a greater degree of  dispersal and a net upstream
orientation (Figure 19).
Marked Elimia placed at BCK 12 km clearly do not find
conditions agreeable. Mass migration downstream, the absence of
net upstream movement and the relatively large distance traveled
downstream (Figure 20) collectively indicate drifting behavior in
response to sub-optimal physical or chemical conditions.
Other field studies of Elimia dispersal under favorable
conditions have shown positive rheotaxis and net upstream
movement (Crutchfield 1966; Ross and Ultsch 1980).  Typically,
when environmental conditions become unfavorable drifting occurs.
Marsh (1980), for example, found a high incident of drift for
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Physa gyrina in response to overcrowding, and Rosenburg and Wiens
(1978) found that the addition of suspended sediment (30 mg/L)
significantly increased the numbers of macrobenthos drifting from
experimental field channels. Elimia in BCK 12 km are drifting in
response to high svispended particulate matter and/or other
unfavorable conditions.
Bioaccumulation of metals from Bear Creek water by Elimia
Cd, Sr, Co and Al in BCK 12 km water are all present as
forms biologically available to Elimia for these metals were
significantly accumulated by the snails (Table 7 and 16). A
response to metal exposure can not occur unless the metal is
accumulated by the organism.
The amount of Cd accumulated by Elimia is significantly
correlated with the duration of exposure in the stream (r = 0.96;
p = 0.0039) (Table 16). Cd content of the caged snails, however,
did not correlate with concentrations of Cd in the water or with
percent mortality. Cd accumulation by Elimia -in Bear Creek is
apparently continuous and has no observable lethal threshold.
This observation supports previous studies in which gastropods
were found to accumulate Cd over their entire lifetime (Huckabee
and Blaylock 1972; Spehar et al. 1978) by detoxifying the metal
and storing it in intracellular granules (Simkiss 1977; Sminia
et al. 1977).  Dillaman (1980) found that mortality and damage to
kidney epithelia in the snail Helisoma anceps was proportional to
Cd dosage but not to tissue concentrations of the metal.
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Accumulation of Cd by Elimia implies exposure and, along
with the detection of toxic levels of Cd in water samples,
indicates that Cd adversely affected snails in situ at BCK 12 km.
Elimia incubated in situ in Bear Creek did not appear to be
adversely affected by exposure to the elevated levels of Sr.  Sr
to Ca ratios in water from BCK 12 km did not exceed 1.5 X 10"^.
Strontium poisoning of gastropods has been reported to occur only
when the Sr to Ca ratio of water exceeds 1.5.  Sr poisoning
causes shell distortion and reduces the growth rate (Buchardt and
Fritz 1978). Nilov (1981) found significant ^oSr contamination
of surface waters (Nelson 1963).
Co accumulation by Elimia in this study did not correlate
with concentrations of Co in the water but did correlate with
duration of exposure (r = 0.83; p = 0.0397) (Table 16).  The
concentrations of Co detected in water from BCK 12 km were less
than those reported to elicit distress in gastropods (Harry and
Aldrich 1963). Co accumulation by the snail Lymnaea palustris
was also reported by Amiard-Triquet (1979).  In that study ^oco
weus taken up from the water and food sources under laboratory
exposures, and had a very low rate of depuration.  The
concentrations of Co in Bear Creek water are unlikely to be toxic
to Elimia; however, this metal appears to be bioaccumulated by
the snail and may be stored in a non-toxic form.
No studies describing the bioaccumulation of Al by
freshwater gastropods were found.  Al accumulation by the snails
did not correlate with duration of exposure, suggesting that this
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metal is not detoxified by storage inside intracellular granules.
Snails at BCK 12 km lost significant amounts of Na, even though
they were exposed to elevated Na concentrations in the water.
This loss of Na by snails in response to the presence of toxic
metal ions has not been reported before. A plausible explanation
could involve the disruption of the transport of Na across
biological membranes; possibly the metals are interfering with
the "Na pump" used by the cell to maintain a cationic balance.
Snails exposed for 30-d at BCK 9 km where metal
contamination of the sediment is most severe did not accumulate
significant detectable concentrations of any of the metals.
Metals in the sediments at this study site are therefore in a
form unavailable to the snails, or the adversely affected snails
escaped recapture by dying and/or drifting downstream.
Ceiged snails expose4 to Bear Creek water at the 9 km, 7 km
and 5 km study sites did not have net significant accumulations
of any metals (Table 7). Metals not accumulated by snails in
Bear Creek but present at concentrations in the water greater
than the reference water include Mn, Mg, Li, Ba, B and Ni.
Bioaccumulation of metals by Elimia from BCK 12 km algae
Vaucheria. an alga from BCK 12 km contained Al, Be, Cd, Co,
Cr, Cu, Li, Ni, Mg, Ti, V, Zn and Zr (Table 8) in excess of the
levels of these metals in snails.  Hence, this alga was a
potential source of contaminants to snails.  However, the only
metals accumulated by the snails consuming Vaucheria or algae
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covered substrata from BCK 12 km were Cd and Zn.  The Zn content
of the snails increased with duration of exposure to the
contaminated food. Further investigation is needed to determine
if Cd from Vaucheria is biologically available to the snail, or
if the Cd content of the snails reflects only concentrations in
unexcreted gut contents. Snails feeding on heavily contaminated
food may not become contaminated themselves if metals in the food
are not absorbed during digestion.
Toxic heavy metals in Bear Creek water
The concentrations of Cu, Pb and Ag in Beaur Creek water in
the present study were below detection limits and have apparently
declined from levels reported in 1984 (Loar et al. 1985) (Table
1). Concentrations of Zn and Al are at detectable levels in BCK
12 km water but are lower them those reported in 1984;
conversely, concentrations of Cd and Ni are higher. The
concentrations of Cd, Ni and Al in BCK 12 km water are still high
enough to be potentially toxic to freshwater gastropods.
Cd was detected in BCK 12 km water at an average
concentration of 40 jig/L and ranged from 13-68 ^g/L (Table 11).
The average concentration of Cd in BCK 12 km water exceeds the
28-d LCbo of 27.5 )ig/1  reported for Physa Integra and the Maximum
Acceptable Toxicant Concentration (MATC) of 2.5-4.79 jug/L for
Aplexa hypnorum (Appendix I).
Nickel content in BCK 12 km water averaged 18 /ig/L and
ranged from 98 to 220 >ig/L (Table 11). Nebeker et al. (1986)
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found 96-hr LCso and 21-d LCso values for Jiiga plicifera. an
operculate gastropod, of 237 ;ig/L and 204 ;ig/L, respectively, for
Ni, with a reported No Observable Effect Level (NOEL) of 124 )ig/L
(Appendix I).
Ni and Cd clearly impose toxicity hazards to Elimia
clavaeformis transferred into upstream sites in Bear Creek. The
potential toxicity of Al remains uncertain.
Tolerance of Al by freshwater snails in the laboratory or
under field conditions is largely unknown. Al concentrations in
BCK 12 km water ranged from 0.46 to 3.00 mg/L. When exposed to
1-5 ppm Al the snail Taphius glabratus exhibits the distress
reaction characteristic of exposure to toxic metals (Harry and
Aldrich 1963).  Acute toxicity values for freshwater fish exposed
to Al at pH 7.0-8.0 range from 0.1 ppm for the stickleback to 17
ppm for a minnow (Burrows 1977).  Although Al in BCK 12 km water
could be toxic to Elimia based on the tolerances reported above
this possibility seems unlikely because I found a significant
negative correlation (r = -0.82; p = 0.04) between concentrations
of Al in the water and the mortality and stress of Elimia
incubated in situ.
Cd, Ni €uid Al concentrations detected in Bear Creek water
samples all fluctuate dramatically over time (Figure 24).
Mortality and stress of caged Elimia incubated in situ at BCK 12
km (Figure 23) did not correlate with the concentrations of these
metals in collected water samples.  It was, however, evident that
Elimia incubated in situ experienced the greatest mortality and
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stress at the Bear Creek study site where concentrations of Cd,
Ni and Al in the water were highest.
Factors contributing to mortalities and macromovements observed
in Elimia at BCK 12 km
While Elimia exposed in the laboratory to algae and
sediments from Bear Creek suffered no obvious ill effects even
after extended exposure periods (14-d and 28-d, respectively),
55% of the snails exposed to suspensions of flocculent metal
hydroxide died in less than 48-hr.  Total metal analysis of the
flocculent material (Table 17) revealed the presence of various
toxic metals. Mortality of the snails exposed to the floe could
have been due either to physical impairment (such as gill
clogging) or metal toxicity.  In either event, it is clear that
the flocculent metal hydroxide contributes to the reduction in
survival of Elimia at BCK 12 km.  The floe could also exacerbate
or cause the downstream drift of snails from the upstream area.
Total suspended solids in Bear Creek water were highest at
BCK 12 km and 9 km (Table 18). Most snails were visibly impaired
by exposure to 50 mg/L of suspended sediment, as evidenced by the
large proportion showing evidence of stress and the copiovis
amount of mucous present on the shell and foot, but no snails
died.
Flocculent metal hydroxide and suspended solids are almost
certainly not the only factors adversely affecting Elimia in Bear
Creek.  Interactions between nitrates, nitrites, ammonia (see
below) and metals in Bear Creek water could also contribute to
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the responses of the snails. Additional experiments are needed
to evaluate this possibility.
Ammonia, nitrates and nitrites in Bear Creek water
Ammonium concentrations at BCK 12 km were elevated but
probably not enough to adversely affect Elimia. Gastropods are
reported to tolerate higher levels of ammonia than those found in
this site (Table 19).  Additionally, at pH 7.5 (the average pH of
water at BCK 12 km), ammonia exists predominately as NH4+
(Snoeyink and Jenkins 1980) which is relatively non-toxic
(Erickson 1985).
Although found at highly elevated concentrations in BCK 12
km water, nitrates are considered to be essentially non-toxic
(Rand and Petrocelli 1985).  No acute or chronic toxicity data
are available for snails exposed to nitrates. Tolerance of
freshwater fish to NO3 varies considerably among species in terms
of 96-hr LCso values:  180-200 ppm NCP-N for the guppy (Poecilia
reticulata) (Rubin and Elmaraghy 1977), 420-2,000 ppm for the
bluegill (Lepomis macrochirus) (Trama 1954), to 1,400 ppm for the
channel catfish (Ictalurus puctatus) (Colt and Tchobanoglous
1976).
Nitrite (NO2) was detected in only one water sample from BCK
12 km. Because the observed value (0.11 mg/L) was lower than the
concentration reported to be toxic to freshwater fish, (1.6-3.0
mg/L; Russo and Thruston 1977; Wallen et al. 1977). Nitrites in
Bear Creek are probably not of toxicological concern.
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Snails as biological indicators of chenical contamination
Elimia placed in situ at a study site can serve two
purposes: the responses of the snails (such as stress and/or
mortality) can be used to assess ambient water toxicity, and the
snails can be analyzed chemically to indicate the presence of
biologically available contaminants.
A question of ambient water toxicity is answered best by
direct exposure of a test organism to water at a particular study
site. An in situ test like that based on caged Elimia may in
such cases be advantageous:  it uses an endemic species exposed
to all possible interactive effects between toxicants, pulses of
toxicants and the physical factors in the environment that cannot
be adequately assessed with a laboratory bioassay. If the
organism suffers little fr<Mn caging and can obtain food while
caged, the test can be conducted for long exposures with the
organisms monitored periodically for response. Data presented in
this study shows that Elimia can be used as a long-term in situ
test system for ambient water toxicity.
The dispersal patterns of Elimia could also prove useful in
determining if food and other physical/chemical factors of a
stream are satisfactory for macroinvertebrate grazers. In such
cases it may be advantageous to observe snail movements for
longer than the 48-hr periods used in this study.  The longer
observation period would allow more time for dispersal £uid
increase the exposure duration to conditions in the stream.
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Analysis of non-contaminated organisms after transplantation
to a contaminated environment makes it possible to (1) assess the
proportion of the detectable contamination that is actually
biologically available, and (2) to detect contaminants available
to aquatic organisms that are below detection limits in the water
or sediments. Gastropods are excellent bioaccumulators of metals
and of many major organic contaminants, such as PCBs, Dieldrin
and DDT (Harman 1974). With prior knowledge of the chemical
content of the snails used; it is possible to determine
bioaccumulation of chemical contaminants under natural
conditions.  This method allows precise control over the duration
of exposure and the exact placement of the indicator organisms.
Snails can also be isolated from sediments and food which are
major avenues of contamination for some toxicants (e.g. PCBs) .
This is advantageous in that the snails can be used to determine
the relative contributions of toxicants from each major
compartment (water, food and sediments) to the total body burden.
CONCLUSIONS
Snail survival in Bear Creek increases with distance
downstream, and snail distress decreases with distance
downstream.  Snails responses reflect the same trends as water
quality data (biological surveys and chemical data) indicating
that the in situ snail test is a good indicator of ambient water
quality.
Continued survival of snails at Bear Creek 12 km is highly
unlikely.  Cd and Ni are present in surface waters at levels
reported to be toxic to gastropods.  A flocculent material is
periodically present in waters at this site, and the material is
highly toxic to Elimia.  Elimia at this site exhibit behavioral
drift away from the area and a positive correlation exists
between snail mortality and duration of exposure.
Cd, Co, Al and Sr are accumulated by snails at Bear Creek 12
km.  These metals must exist as biologically available forms and
therefore could pose a toxicity hazard for resident organisms.
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Table 1. Maximum concentrations of metals (ppm) in Bear Creek
water and EPA water quality criteria
1985 Bear Creek
Metal    Report*________
Present      EPA Water
Study______Quality Criteria**
Al 5.8
Cd 0.016
Cu 0.04
Pb 0.40
Ni 0.08
Ag 0.12
U 2 ppm
Zn 0.022
3.0 NR
0.068 --  0.000025
<0.02 0.0058
<0.20 0.0038
0.22 0.096
<0.05 0,004
NR NR
0.0098 0.047
*(Loar et al.l985) **Values reported in Federal Register (1980)
for protection of freshwater aquatic organisms in waters with
a hardness of 100 mg/L as CaCOa.
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Table 2. Maximum concentrations of metals (piai) in Bear Creek
and reference site sediment samples, past and present
Reference streams
Metal
Grassy*
Creek
White Oak
Creek
6.3 km
Bear Creek*
August, 1984
Bear Creek
January, 1987
Cd 3.1 <0.99 70 12.0
Cu 2.0 7.4 82 25.0
Ni 25 < 12 520 92.0
Zn 59 23 180 87.0
Li 25 < 40 210 130.0
* Data from Loar et aj,. 1985
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Table 3.  Response of Elimia exposed in situ in Bear Creek
study sites. Values expressed as mean percentage of
snails stressed and dead + 1 s.d. beised on 4
replicates. Percent mortality is given in parenthesis.
Starting Bear Creek Study Site
Date________12km______91™_______71m______5km   Reference
9-15-86   81.8+ 25.7   NT
(7 days)  (14.3)
NT NT
9-15-86   94.5+7.8    NT
(14 days)  (36.8)
NT NT   22.9+ 14.7
(7.7)
9-29-86,. 83.8+ 7.5 33.1+ 25.6 30.0+ 38.3  lost    0
(10 days) (23.7) ^ (2.5)
10-22-86 7.8+ 5.2 15.0+ 5.8 20.0+ 14.1 5.0+ 5.8 7.5+ 5.0
(7 days)
11-19-86 14.9+ 6.4 10.0+ 8.2 12.5+ 9.6  7.8+ 5.2   0
(6 days)
12-10-86  60.0+18.3   NT
(11.8)
NT NT    13.5+ 4.5
1-12-87  74.2+ 19.5 16.3+ 5.3 11.8+ 0.8   lost     0
(12.8)     (15.4)    (2.6)
NT- Not tested.
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Table 4. GIM analysis of variance of total percentage of Elimia
stressed and dead during in situ exposure to Bear Creek
and White Oak Creek by study site and_date of exposure
Source DF Type III SS F Value PR > F
Model 23 3.511 11.46
Site 4 1.88 35.33 0.0001
Date 6 0.68 8.57 0.0001
Site*Date 13 0.79 4.56 0.0001
Error 62 0.826
Total 85 4.33 0.0001
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Table 5. Survival of transplanted Elimia. Mean number of
snails recovered alive and dead + 1 s.d. at the end
of a 30-d exposure. Means are based on three
replicate exposures at each study site. Percent
recovered is the percentage of the original 100
transplanted snails recovered at the end of the
experiment.
Site___________X  Alive__________%  Dead_________ %  Recovered
woe 6.3 km    99.5 + 0.8     0.50 + 0.9      49.7 + 15.5
(Reference)
BCK 12 km*      30.8 60.2 13.0
BCK 9 km    56.6 + 40.4    43.3 + 40.4      9.0 + 9.6
BCK 7 km      100+0 0 5.6 + 1.5
BCK 5 km      100+0 0 4.0 + 1.0
 Results based on one replicate as  two trays were lost.
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Table 6. Metal content of snails, Elimia clavaeformis.
fr<MB the reference site (WOC 6.3 km).  Samples
collected from September, 1986 to January, 1987.
Analyses were by inductively coupled plasma
(ICP) spectrophotometry.  Values are means
(M/S  di^ weight) of 6 replicates + 1 s.d.
Metal Metal Content
Aluminum 263.0 + 79.0
Barivun 706.7 + 97.1
Calcium 376,666.0 + 10 ,327.0
Cobalt 17.0 + 1.7
Iron 761.0 + 82.3
Magnesium 466.7 + 76.9
Manganese 4,350.0 + 852.6
Sodium 4,633.0 + 952.0
Phosphorus 503.3 + 92.4
Strontium 128.3 + 11.7
Titanium 11.6 + 2.9
Zinc 32.3 + 5.0
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Table 7. F4ean Concentrations of netals in Elimia removed
from six separate incubations at five Bear Creek
study sites con^ared to background metal
concentrations in snails from the reference site
(woe 6.3 km). Values are means (pi/g dry weight)
+ 1 s.d. Significant differences were
determined using a mean difference t-test.
Concentrations in parenthesis were detected only
in one of the snail samples. Analyses were by
ICP scans.
Metal
Reference
(woe 6.3 km)  12 km 9 km 7 km 5 km
Al 263+79 *530+195 280+59 310+59 338+119
Ba 707+97 693+73 645+38 790+163 715+137
Ca 395,000
+ 37,282
390,000
+ 15,492
377,500
+ 5,000
447,500
+112,063
407,500
+ 51,234
Cd <2.2 *8.'98+ 4.4    ND ND ND
Co 17.0+1.7  19.2+1.7 17.0+2.0 19.0+4.2 18.5+3.9
Cu 6.75+0.07 ND (7.7) (8.0) (7.6)
Fe 762+82 828+177 803+50 903+136 925+288
Mg 467+77 453+61 428+46 598+195 445+71
Mn 4,250+680 4,583+752 4,225+689 4 ,975+1261 4,475+1204
Na 4,633+952  3,716+685 3,950+793 5 ,400+2224 4,125+403
P 503+92 473+62 550+75 693+275 552+134
Sr 128+12  133+10 128+5 153+34 133+10
Ti 9.86+3.6 13.1+2.8 12.1+1.8 13.4+3.1 14.7+5.0
Zn 32.0+4.8 36.1+5.3 35.8+8.5 36.3+6.5 33.8+5.9
 Significantly different frcan concentration in snails from
the reference site p < 0.05. ND- Not detected.
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Table 8. Concentrations of metals in the green alga, Vaucheria
collected from BCK 12 km and placed in laboratory
streams for 0, 4 and 14 days. Metal concentrations
ipi/i  dry wt algae) were determined by ICP £inalyses .Values are expressed in ppm.
Residence time in stream
Metal________Fresh algae_______4 days_______14 days
Al
Ba
Be
Ca
Cd
Co
Cr
Cu
Fe
Ga
Li
Mg
Mn
Na
Ni
P
Si
Sr
Ti
V
Zn
Zr
34,000 40,000 40,000
57 56 48
4.2 4.7 4.9
31,000 36,000 27,000
19 24 20
27 30 30
28 34 32
20 24 23
21,000 24,000 23,000
< 18 18 < 18
91 120 110
9,000 9,300 9,200
1,700 1,800 1,500
220 440 270
97 110 110
1,700 640 1,200
210 210 180
77 96 100
47 37 50
21 22 23
340 120 260
4.6 4.5 5.6
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Table 9. Concentrations of metals in Elimia exposed for 4,
8 and 14 days to metal contaminated food (Vaucheria
and rocks) from BCK 12 km in laboratory streams.
Metal content (jug/g dry wt snail) was determined by
ICP analysis. Reference values are  the average
concentrations in Elimia collected frcan a non-
contaminated reference site (WOO 6. 3 km).
Food Source
Vaucheria Rock surfaces
Metal 4 8 14 4 8 14 Reference
(WOO 6.3 km)
Al 400 300 270 330 290 270 263
Ba 110 250 130 110 110 710 707
Ca 390,000 370,000 370,000 390,000 370,000 380,000 395,000
Cd 1.5 <1.8 <1.1 2.9 2.0 1.8 <2.2
Co 16 15 15 17 16 16 17
Cu 7.7 <7.1 5.9 7.6 6.5 7.2 6.75
Fe ^960 870 760 790 950 820 762
Mg 550 400 410 430 450 490 467
Mn 5,300 4,700 3,900 4,600 5,500 4,200 4,250
Na 4,900 4,100 4,900 4,400 4,300 5,100 4,633
P 650 560 510 600 580 610 503
Si < 54 130 < 43 98 120 < 46
Sr 120 110 110 110 110 120 128
Ti 9.5 11.0 < 4.3 9.4 9.6 < 4.6 9.86
Zn 67 92 96 68 9(4 110 32
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Table 10. Response of Elimia exposed to suspended particulate
matter. Response expressed as the mean percentage of
stressed snails (20 snails per replicate) from three
replicates. Significant differences between treatments
was determined by a student t-test between transformed
proportions.
Exposure %  Stressed Probability
Filtered water
from BCK 12 km
Filtered BCK 12 km
water and suspended
sediment
Filtered BCK 12 km
water and sediment
(no suspension)
1.66 + 0.03
18.95 + 2.78
p = 0.0099
p = < 0.0001
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Table 11. Mean concentrations + 1 s.d. of netals (ing/L) and
ranges in Bear Creek water detected above and^ient
concentrations at the reference site (WOC 6.3 km)
Significant differences determined by student
t-test.
Metal  Reference    12 km
Bear Creek Sites
9 km       7 km     5 km
(WOC 6.3 km)
Al   0.073+0.077 1.25+0.96
0.036-0.24  0.46-3.00
*0.11+0.06 *0.20+0.35  *0.14+0.14
0.037-0.17 0.022-0.84  0.043-0.17
.' ^ Ba  0.047+0.019 0.164+0.072
0.019-0.078  0.10-0.30
0.095+0.039 0.097+0,023 0.063+0.023
0.06-0.16  0.08-0.13   0.04-0.09
B   0.018+0.009    (0.10)
<0.008-0.025
1.55+0.87 1.03+0.83   0.54+0.09
0.62-2.5  0.52-2.5    0.41-0.64
Cd    <0.0005    0.04+0.02   <0.0005   <0.0005 <0.0005
0.013-0.068
Ca     29+1     442+190    110+7    112+11 80+6
27-31     190-680    100-120    100-130 74-87
Co <0.0012 0.013+0.039 0.003+0.0005 0.003+0.0002 0.002+0.0001
0.013-0.039 0.0026-0.004 0.026-0.0032 0.003-0.0023
Fe  0.098+0.086 *0.11+0.07 0.14+0.05 *0.21+0.33 *0.12+0.12
0.049-0.29  0.053-0.24 0.051-0.18 0.034-0.79 0.029-0.33
Li     <0.02      <0.06    1.41+.66   1.33+0.95 0.50+0.08
0.67-2.4   0.68-3.0 0.44-0.64
Mg          13.42+0.98 54.8+23.03    20.2+7.05      20.41+2.97 16.6+1.95
12-15            27-86              18-22              17-24 14-18
Mn    0.05+0.06 5.45+2.25 *0.12+0.19 *0.062+0.05 *0.015+0.014
0.012-0.19 2.1-8.1   0.024-0.46 0.0097-0.130 0.004-0.040
Na 0.82+0.25   54+23
<2.5-1.3     29-87
15.2+1.1   15.2+2.2
14-17     12-18
10.3+1.4
8.5-12.0
Ni <0.006   0.18+0.04 <0.006    <0.006 <0.006
Sr 0.032+0.003 1.22+0.42
0.027-0.036 0.64-1.7
2.6+0.01  0.26+0.03
0.24-0.28 0.23-0.30
0.14+0.076
0.0068-0.19
* No significant difference (p < 0.05) between concentrations of
the metal at this site and in water from the reference site.
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Table 13. Alkalinity, pH, hardness, conductivity, dissolved
oxygen and temperature of water frcai the Bear Creek
study sites and the reference site (WOC 6,3 km)
on 7 sampling dates.
Date     Site pH Alk Hard Cond DO Temp
mg/1 CaCOa umhos/1
9-16-86   12 km 7.66 310 1,840 3,200 9.5 17.3
9 km 7.49 215 382 924 7.2 15.9
7 km 8.13 175 362 850 9.1 16.1
Referenc 8.20 146 176 270 9.4 16.0
8-28-86   12 km 7.63 125 366 1,250 ND ND
7 km 8.05 120 326 665- ND ND
Reference 8.16 125 138 240 ND ND
9-29-86  12 km 7.63 210 2,300 3,860 6.0 23.0
9 km 7.84 190 380 766 8.5 19.0
7 km 8.12 170 406 713 7.1 21.0
5 km 8.08 170 304 525 7.5 21.0
Reference 8.66 140 160 194 9.0 18.0
10-17-86 12 km 7.65 300 1,420 674 ND ND
7 km 8.25 182 374 604 ND ND
5 km 8.28 181 342 247 ND ND
Reference 8.32 138 154 190 ND ND
10-22-86 12 km 7.51 320 2,400 3,170 9.0 17.0
9 km 7.58 170 440 770 9.0 14.0
7 km 8.30 180 432 820 8.5 13.0
5 km 8.36 168 310 510 8.5 12.0
Reference 8.3 148 170 224 10.2 13,0
11-19-86 12 km 7.37 250 1,300 2,660 9.2 13.0
9 km 7.44 180 380 747 9.0 14.0
7 km 8.16 175 344 683 11.0 11.0
5 km 8.23 169 288 585 8.5 11.0
Reference 8.10 138 148 227 10.1 13.0
12-10-86 12 km 7.42 130 360 862 9.8 13.0
9 km 7.73 74 154 291 ND ND
5 km
Reference
7.54
T ^c4-
64 94 187 ND ND
LOSt---
1-13-87 12 km 7.32 205 1,460 2,610 12.25 9.0
9 km 7.71 149 360 696 10.25 9.5
7 km 8.19 152 310 616 12.00 7.5
5 km 8.24 142 258 460 10.25 7.0
Reference 8.19 130 148 218 11.75 11.0
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Table 14. Concentrations of nitrates, nitrites and anmioniviin
in water from the Bear Creek study sites and the
reference site (WOC 6.3 km). Ammonitim
concentrations expressed in xig  of N per liter.
Nitrate and nitrite concentrations are expressed
in mg of N per liter.
Sample Date Nitrates Nitrites Ammonium pH
Reference 1-12-87 0.10 NM 6.10 8.28
(WOC 6. 3 km) 1-30-87 2.15 <0.005 10.68
BCK 1-12-87 416.0 NM 204.36 7.52
12 km 1-30-87 152.0 0.11 461.45
BCK 1-12-87 100.0 NM 7.25 7.63
9 km 1-30-87 17.6 <0.005 14.10
BCK 1-12-87 , 43.0 NM 1.53 8.17
7 km 1-30-87 16.0 <0.005 9.53
BCK 1-12-87 26.0 NM 4.96 8.10
5 km 1-30-87 9.24 <0.005 4.96
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Table 15.  Summary of water quality parameters measured in
water from Bear Creek and White Oak Creek for
7 analyses from  SeptaiA>er, 1986 to Janu8U~y. 1987.
Values sure means for the 7 replicates with
respective standard deviations (+ 1 s.d.) given
in parenthesis.
Site PH Alkalinity Hardness Conductivity
as CaCOa
mg/L
as CaCOa
mg/L
umhos•cm~ ^
White Oak
Creek
(6.3 km)
8.28
(± 0.19)
137.92
(+ 8.20)
156.30
(+ 13.34)
223.30
(+ 27.30)
12 km Bear
Creek
7.52
(± 0.14)
231.31
(± 77.30)
1430.75
(+ 770.97)
1985.75
(+ 1377.50)
9 km Bear-
Creek
7.63
(± 0.15)'
163.02
(+ 48.77)
349.33
(+ 99.44)
699.00
(+ 213.98)
7 km Bear
Creek
8.17
(+ 0.08)
165.04
(+ 21.98)
364.86
(+ 43.30)
707.29
(+ 95.29)
5 km Bear
Creek
8.10
(± 0.33)
145.02
(+ 47.50)
261.60
(+ 58.37)
385.80
(+ 157.40)
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Table 16. Bioaccumulation of cadmium, aluminum, cobalt and
strontium by Elimia transplanted to BCK 12 km
from the reference site (WOC 6.3 km). Metal
concentrations expressed in jig/g dry weight.
Net Accumulation
Exposure_____Mortality______Cd_____Al______Co_____Sr^
7 days 13.6% 5.9 260 1 10
10 days 23.7* 8.1 760 3 0
14 days 36.8X 10.0 400 4 0
30 days 60.2% '   16.0 730 3 10
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Table 17. Metal composition of flocculent material collected
from BCK 12 km on January 13, 1987.  Analysis
by ICP.
Metal____________Concentration (mg/1)
Al 3330.00
Ba 72.00
Be 0.54
Ca 1900.00
Cd 1.10
Co 0.68
Fe 500.00
Mg 290.00
Mn 30.00
Na 61.00
Ni 2.10
Si 15.00
Ti 0.44
V        ' 0.75
Zr 0.51
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Table 18. Total suspended solids in water from Bear
Creek and the reference site (WOC 6.3 km).
Values expressed in mg/L.
Site 13 Jan 87 30 Jan 87
BCK 12 km 10.77 3.4 -
BCK 9 km 4.90 0.4
BCK 7 km 2.92 0.5
BCK 5 km 2.74 0.3
Reference 2.17 0.2
(WOC 6.3 km)
Table 19. Toxicity of ammonia to various gastropods.
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Genus/species Life Stage. Test. Endpoint Result Reference
Bellamya bengalensis
pH 7.5
Potamopyrgus Jenkinsi (0)
adult 96-hr LC50
adult 96-hr safe level
juvenile 96-hr LC50
adult-prime 96-hr LC50
adult-senescent 96-hr LC50
Physa heterostropha (P) adult 96-hr TLm
490.27
272.96
0.315
0.49
0.85
90.0 pim
Vankhede, 1984
Watton and Hawkes 1984b
Patrick et al. 1968
(0)- operculate (P)- pulmonate
Figure 1.  Bear Creek and Bear Creek study site
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Figure 2. Mean densities of benthic invertebrates at
nine Bear Creek sites, 1984.
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Figure 3. Mean diversity (H') of nine Bear Creek sites.
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Figure 5.  An operculated gastropod.  Postion of
operculum when snail is active (a) and
withdrawn (b). (Burch 1982)
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Shell sizes: up lo 10 mm = smjll; 10-30 mm = medium; over 30 mm ͣ= large.
Shell thipet.  i, tubgloboM;  b, ovil; c, fusiform or spindle-shtped; i, (urbini-
form; e, cylindrical.
Shell ihipcf.  i. nirrowly conic; b. donpidy conic; c. brotdly (owlely) conic;
d, liobotely conic; e, depren«d conic.
Figure 6.  Sized and shapes of gastropod shells.
(Burch 1982)
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Figure 7.  Shell Surfaces.  (Burch 1982)
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Figure 8. Direction of coiling of gastropod shells
(a) sinistral (b) dextral.  (Burch 1982)
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Figure 9.  Shell terminology.  (Burch 1982)
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Figure 10.  Internal anatomy of Elimia. Lateral view
with shell removed. (Dazo 1965)
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Figure 11. Mantle region organs (1), gill leaflet (2),
kidney (4), and heart (5) of Elimia.
(Dazo 1965)
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Figure 12.  The digestive system of Elimia. (Dazo 1965)
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Figure 13. The circulatory system of Elimia.  (Dazo 1965)
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Figure 14.     The reproductive system of Eliaia.   (Dazo 1965)
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Figure 15.  The reference site. White Oak Creek, and
Bear Creek
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Figure 20.    Dispersal of Elimia
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Figure 21.    Dispersal of Blimia.
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Figure 23.
ORNL-OWG 87-9620
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Figure 24.
ORNL-OWG 87-9622
CONCENTRATIONS OF CADMIUM. NK^KEL, AND
ALUMINUM BEAR CREEK 12km WATER
AUGUST 1986 TO FEBRUARY 1987
ALUMINUM
0.02
i_J___I___I___I___I___L__I___L
I
1    r-
NICKEL
\
I     I     I     I     I    V    I     I______I
• /2i   0/21  0/20 10/0 10/22 10/20 11/7 11/10 12/10 1/18   2/0
DATE
APPENDIX I
Metal Tolerances of Gastropods Exposed in Laboratory
Toxicity Tests
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Key to Toxicity Testing Terms*
LC50- Median Lethal Concentration
The concentration of material in water that is estimated
to be lethal to 5035 of the test organisms
MATC- Maximum Acceptable Toxicant Concentration
The hypothetical acceptable toxicant concentration lying
in a range bounded at the lower end by the highest tested
concentration having no observed effect (NOEC) and at the
higher end by the lowest tested concentration having
significant toxic effect (LOEC) in a life cycle or partial
life cycle test.
NOEC- No Observed Effect Concentration
The highest concentration of a material in a toxicity test
that has no significant adverse effect on the exposed test
organisms as compared with controls.
NOEL- same ais NOEC
NOLC- same as NOEC
TLm or TL50- Median Tolerance Limit
The concentration of material in water at which 50% of the
test organisms survive after a specified fime of exposure.
The term has been replaced by LC50.
 Definitions from Rand and Petrocelli (1985).
Toxicity of Cadmium to Various Gastropods
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Genus/species liife Stage. Test. Endpoint Result (ppm) Reference
Aplexa hypnorvan (P) adult
adult
adult 96-hr,
S
S
MATC
MATC
LC50
0.00441-0.00763
0.0025.-4.79
0.093
Annicola so.  (0) eggs 24-hr,
eggs 96-hr,
adult 24-hr,
adult 96-hr,
S
S
S
S
TLm
TLm
TLm
TLm
5.1
3.8
10.1
8.4
Lynnaea stagnalis (P) adult 48-hr, s NOLC
LC50
1.1
1.6
Physa integra (P) adult 7 day,
adult 28 day.
IF
IF
LC50
LC50
0.114
0.0275
Physa gyrina immature 98-hr,
mature 96-hr,
S
S
TL50
TL50
0.43
1.37
Helisoma anceps adult 20 day, PR
'(
0.1
Holcombe et al. 1984
Rehwoldt et al. 1973
Slooff et al. 1983
Spehar et al. 1978
Wier and Walter 1976
Dillaman 1980
lOOX mortality
S- Static test, 0- Operculate gastropod, IF- Intermittant flow, P- Pulmonate gastropod, PR-
Partial Replacement.
Toxicity of Chromium to Gastropods
no
Genus/species Life Staife. Test. Endpoint Result Reference
Amnicola sp. (0)
Lyanaea stagnalis (P)
eggs 24-hr, S TLm 15.2
eggs 96-hr, S TLm 12.4
adult 24-hr, S TLm 10.2
adult 96-hr, S TLm 8.4
adult 40 day, S NOEC 10.0
adult 40 day, S NOEC Reprod. 0.32
adult 7 day, S NOEC hatching 1.1
Relwoldt et al. 1973
Slooff and Canton 1983
Physa heterostropha (P)  adult 96-hr, S TLm 17.3 Patrick et al. 1968
Cr++
Physa heterstropha (P)   adult 96-hr, S TLm 16.8 Patrick et al. 1968
(S)- Static test, (0)- Operculate, (P)- Pulmonate.
Toxicity of Copper to Gastropods
ni
Geniis/species Stage. Test. Endpoint Result Reference
Aanicola sp. (0) adult 24-hr, S TLm
adult 96-hr, S TLm
eggs 24-hr, S TLm
ad5ilt 96-hr, S TLm
BioMphalaria glabrat:a (P)   adult 24-hr, S LC50
juvenile 24-hr, S LC50
adult 24-hr, S LC50
young 24-hr, S LC50
Campeloma decistim (0)
Gyraulus circumstriatus (0) adult 96-hr, S LC50
adult 96-hr, FT LC50
adult 6-wk, FT NOEC
1. 5
0. 9
4 5
9. 3
0. 40
0. 31
2 2
0. 14
1 7
0 008-0. 014
Rehwoldt et al. 1975
0.1
Frick et al. 1964
Hopf et al. 1983
Arthur and Leonard 1970
Cairns and Scheier 1958
Juga plicifera (0)
Lithoglyphus virens (0)
Physa heterstropha (P)
adult 30 day, FT LC50
adult 96-hr,  FT LC50
adult 14 day, FT LC50
NOEL
adult 14 day,
adult 30 day.
FT LC50
FT LC50
adult 30 day, FT NOEL
adult 96-hr,  S TLm
< 0.008
0.015
< 0.008
< 0.008
0.007
< 0.004
< 0.004
16.8
Nebeker et al. 1986
N^>eker et al.
Patrick et al.
adult 24-hr, S  TLm
adult 48-hr, S  TLm
0.143
0.069
Wurtz 1962
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Toxicity of Copper to Gastropods (continued)
Physa integra (P)
Pomacea paladosa (0)
Potamopyrgus .jenkinsi (0)
jenkinsi
adult 72-hr, S TLm 0.069
adult 96-hr, S TLm 0.069
young 24-hr, s TLm 0.034
young 48-hr, s TLm 0.013
yqung 72-hr, s TLm 0.013
ybung 96-hr, s TLm 0.013
adult 96-hr, s LC50 0.013
adult 96-hr, s LC50 0.070
adult 96-hr, FT LC50 0.039
adult 6-wk, FT NOEC 0.008-0.014
adult 96-hr, S LC50 0.023
young 96-hr, FT LC50 0.054
adult 96-hr, FT LC50 0.079
(prime)
adult 96-hr, FT LC50 -  0.077
(senescent)
Cairns and Scheier 1958
Arthur and Leonard 1970
Winger et al^ 1984
Watton and Hawkes 1984b
S- Static test, 0- Operculate gastropod , FT- Flow through test, P- Pulaonate gastropod.
Toxicity of Lead to Gastropods
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Genus/species Life Stage. Test. Endpoint    Result Reference
Physa integra (P) adult 28 days 565 )jLg/L  did
not have a
significant
effect
Spehar et al. 1978
Lymnaea palustria (P) eggs to
reproductive
maturity
19 ]xe/L
significant
increase in
mortality rate
Borgmann et al. 1978
36 ;ig/L
50* drop in
biomass production
(S)- Static test, (P)- Pulmonate
Toxicity of Mercury to Gtwtropods
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Genus/species Life Stage, Test. EndpQint Result (ppa) Reference
Amnicola sp. (0) eggjs 24-hr, S TLm
eggs 96-hr, S TLm
adult 24-hr, S TLm
adult 96-hr, S TLm
6.3
2.1
1.1
0.08
Rehwoldt et al. 1973
Lymnaea (P) 3-4 wk of age 48-hr, S NOLC
3-4 wk of age 48-h4, S LC50
0.2
0.6
Sloof et al. 1983
S- static test, 0- operculate, P- pulmonate.
115
Toxicity of Nickel to Gastropods
Genus/species Life Stage. Test. Endpoint Result (ppm) Reference
Anmicola sp.(0)
Juga plicifera (0)
Physa gyrina (?)
eggs 24-hr, S TLm
eggsl 96-hr, S TLm
adult 24-hr, S TLm
adult 96-hr, S TLm
adult 96-hr, FT LC50
adult 21 day, FT LC50
adult 21 day, FT NOEL
adult 96-hr, FT  LC50
26.0
11.4
21.2
14.3
0.237
0.204
0.124
0.239
Rehwoldt et al. 1973
Nebeker et al. 1986
Nebeker et al. 1986
S- static test, 0- operculate, FT- flow through test, P- pulnonate.
Toxicity of Zinc to Gastropods
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Genus/species Life Stage. Test. Endpoint Result References
Amnicola sp. (0)
HelisoM companulata (P)
Physa gyrina (P)
Physa heterostropha (P)
eggs 24-hr, S TLm
eggs 96-hr, S TLm
adult 24-hr, S TLm
adult 96-hr, S TLm
adult 24-hr, S TLm
adult 48-hr, s TLm
adult 72-hr, s TLm
adult 96-hr, s TLm
adult 96-hr, FT LC50
adult 30 day , FT LC50
adult 30 day, FT NOEL
adult 24-hr, S TLm
adult 48-hr, S TLm
adult 72-hr, S TLm
adult 96-hr, S TLm
young 24-hr, S TLm
young 48-hr, S TLm
young 72-hr, S TLm
young 96-hr, S TLm
adult 96-hr, S TLm
adult 96-hr, s LC50
adult 96-hr, s LC50
adult 96-hr, s LC50
28.1
20.2
16.8
14.0
11.07-5.29
11.07-5.29
3.03-1.27
3.03-1.27
1.274
0.771
0.570
4.07
3.62
3.16
3.16
0.949
0.434
0.434
0.434
0.79-1.27
3.32
0.90
3.17
Rehwoldt et al. 1973
Wurtz 1962
Nebeker et al. 1986
Wurtz 1962
Patrick et al. 1968
Cairns and Scheier 1958
S- static test, 0- operculate gastropod, FT- flow through test, P- pulmonate gastropod.
APPENDIX II
Concentrations of metals (mg/L) in water from
Bear Creek study sites and the reference site
(woe 6.3 km) from September 1986 to January
1987.  Analyses by ICP scans of ten fold
concentrated samples. *  denotes no measurement.
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Ag (Silver)
< 0.015 mg/L at BCK 12km site on 1-15-87
Detected at < 0.055 mg/L at 12 km site on all other dates
and < 0.005 mg/L at all other sites on all dates.
Al (Aluminum)
Dates 9-21 9-29 10-22 11-7 11-19 1-13 1-15
Ref.  0.24 0.05 0.036 0.068 0.07 0.052 0.063
12 km 0.50 0.46 3.00 1.60 1.20 * 0.74
9 km   * 0.17 0.16 0.15 0.053 0.037 *
7 km   * 0.055 0.84 0.083 0.049 0.022 *
5 km   * 0.043 0.17 0.05 0.36 0.059" *
As (Arsenic)
< 0.01 mg/L at BCK 12 km on 1- 15-87.
< 0.11 mg/L at BCK 12 km on all other dates.
< 0.01 mg/L at all other sites on all dates.
B (Boron)
Ref <0.008 0.011 <0.008 <0.008 0.025 <0.008 0.0085
12 km <0.008 <0.088 <0.088 0.10 <0.088 * <0.024
9 km   *  .. 2.5 1.4 0.83 0.62 2.4 *
7 km   * 0.58 0.83 2.5 0.72 0.52 *
5 km   * 0.58 0.46 0.6 0.47 0.41 *
Ba (Barium)
Ref  0.038 0.039 0.019 0.054 0.059 0.078 0.074
12 km 0.160 0.097 0.300 0.160 0.110 * 0.160
9 km   * 0.099 0.098 0.084 0.074 0.16 *
7 km   * 0.085 0.110 0.075 0.083 0.13 *
5 km   * 0.073 0.037 0.047 0.061 0.095 *
Be (Beryllium;!.
Detected in BCK 9 km and 7 km water samples on 10-22-86 at
0.00022 mg/L and 0.00026 mg/L respectively.
Detected in BCK 9 km water sample on 1-13-87 at 0.00021 mg/L
and in BCK 12 km water sample on 1-15-87 at 0.00090 mg/L.
<0.0022 mg/L in 12 km site water samples on all other dates.
<0.0002 mg/L in all other water samples from all sites on all
dates.
mDates 9-21 9-29 10-22  11-7  11-19  1-13  1-15
Ca (Calcium)
Ref     30 31 28 29 30 28. 27
12 km   580 680 540 190 380 * 280
9 km    * 110 120 110 100 110 *
7 km    * 110 130 110 110 100 «
5 km    * 75 83 87 83 74 *
Cd (Cadmium)
Ref <.0005 <.0005 <.0005 <.0005 <.0005 <.0005 <.0005
12 km 0.0680 0.031C 0.051C 0.013C 0.035 * -. 0.022
9 km   * <.0005 <.0005 <.0005 <.0005 .00053 *
7 km   * <.0005 <.0005 <.0005 <.0005 <.0005 *
5 km   * <.0005 <.0005 <.0005 <.0005 <.0005 *
Co (Cobalt)
Ref 0.0016 0.0012 0.0012 0.0010 0.0012 <0.001 <0.001
12 km 0.038 (3.0390 0.0340 0.0130 0.0290 * 0.017
9 km  *   0 0030 0.0032 0.0029 0.0026 0.004 *
7 km  *   0 .0026 0.0029 0.0032 0.0028 0.0026 *
5 km  »   0 002 0.0022 0.0022 0.0023 0.0021 *
Cr (Chromium^
Detected in water sample from BCK 7 km site on 10-22-86 at
0.0048 mg/L.
<0.012 mg/L in water sample from 12 km site on 1-15-87 and
<0.044 mg/L in water samples from the same site on all other
dates.
<0.004 mg/L in water samples from all other sites on all
dates.
Cu (Copper)
<0.0006 mg/L in water sample from the 12 km site on 1-15-87
£md <0.022 mg/L in water samples from the same site on all
other dates.
<0.002 mg/L in water samples from all other sites on all
dates.
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Fe (Iron)
Ref.  0.290 0.058 0.049 0.098 0.072 0.056 0.060
12 km 0.062 0.130 0.130 0.240 0.053 * 0.073
9 km  * 0.160 0.180 0.140 0.051 0.150 *
7 km  * 0.034 0.790 0.110 0.073 0.038 *
5 km  *     0.029  0.130  0.044  0.330  0.063
Ga (Gallium)
<0.09 mg/L in water sample from 12 km site on 1-15-87 and
<0.33 mg/L in water sanples from the same site on all other
date . _
<0.03 mg/L in water samples from all other sites on all
dates.
Dates 9-21  9-29   10-22  11-7  11-19   1-13   1-15
Li (Lithium)
Ref  <0.02 <0.02 <0.020 <0.02 <0.02 <0.02 <0.02
12 km <0.22 <0.22 <0.220 <0.22 <0.22 * <0.06
9 km   * 2.4 1.5 0.97 0.67 1.50 *
7 km   * 0.68 1.0 3.0 1.10 0.88 *
5 km   *  . 0.48 0.44 0.64 0.48 0.47 *
Mg (Magnesium)
Ref    14 15 13 14 13 13 12
12 km  68 86 69 27 45 * 34
9 km   * 22 22 21 18 18 *
7 km   * 23 24 19 19 •17 *
5 km   * 18 18 18 15 14 *
Mn (Manganese)
Ref   0.19 0.028 0.021 0.046 0.023 0.012 0.015
12 km 8.10 7.000 6.700 2.100 5.100 * 3.700
9 km   * 0.034 0.045 0.041 0.034 0.460 *
7 km   *     0.0097 0.130  0.075  0.067 0.030   *
5 km   *     0.0044 0.014  0.0083 0.040 0.0076  *
Mo (Molybdenum)
<0.012 mg/L in water sample from BCK 12 km site on 1-15-87
and <0.044 mg/L in water samples from the same site on all
other dates.
<0.004 mg/L in water samples from all other sites on all
dates.
m^'
Dates  9-21  9-29   10-22   11-7  11-19  1-13  1-15
Na (Sodium)
Ref.  0.67 0.74 0.63 <2.5 1.3   0.89  0.67
12 km 64.00 87.00 70.00 31.0 43.0   *   29.000
9 km   * 15.00 17.00 15.0 14.0  15.00   *
7 km   * 15.00 18.00 16.0 15.0  12.00   *
5 km   * 9.20 12.00 11.0 11.0   8.50   *
Ni (Nickel)
Ref.  <0.006 <0.006 <0.006 <0.006 <0.006 <0.006 <0. 006
12 km 0.220 0.190 0.180 <0.0660 0.130   *    0. 098
9 km    * <0.006 <0.006 <0.006 <0.006  0.0086 *
7 km   * <0.006 <0.006 <0.006 <0.006 <0.006 *
5 km   * <0.006 <0.006 <0.006 <0.006 <0.006 *
P (Phosphorus1
Detected in water sample from BCK 7 km site on 10-22-86 at
0.03 mg/L.
<0.09 mg/L in water sample from 12 km site on 1-15-87 and
<0.22 mg/L in water samples from the same site on all other
dates.
<0.03 mg/L in water samples from all other sites on all
dates.
Pb (Lead)
<0.06 mg/L in water sample from the 12 km site on 1-15-87 and
<0.22 mg/L in water samples from the same site on all other
dates.
<0.02 mg/L in water samples from all other sites on all
dates.
Sb (Antimony)
<0.06 mg/L in water sample from the 12 km site on 1-15-87 and
<0.22 mg/L in water samples from the same site on all other
dates.
<0.02 mg/L in water samples from all other sites on all
dates.
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Se (Selenium)
Detected in water sample taken from BCK 5 km site on 11-25-86
at 3.0 mg/L.
<0.06 mg/L in water sample from the 12 km site on 1-15-87 and
<0.22 mg/L in water samples from the same site on all other
dates.
<0.02 mg/L in water samples from all other sites on all
dates.
Dates 9-21 9-29 10-22 11-7 11-19 1-13 1-15
Si (Silicon)
Hef 2.60 3.1 2.4 2.7 3.1 1.8 .73
12 km 0.44 2.6 3.3 2.4 2.7 * 1.30
9 km * 3.2 2.9 2.8 2.6 0.43 *
7 km * 2.7 3.4 3.0 2.8 0.59 *
5 km * 2.3 2.2 2.9 0.19 <0.02 *
Sn (Tin)
<0.015 mg/L.^in water sample from the 12 km site on 1-15-87
and <0.055 mg/L in water §)amples from the same site on all
other dates.
<0.005 mg/L in water samples from all other sites on all
dates.
Sr (Strontium)
Ref. 0.033 0.035 0.031 0,033 0,036 0,031 0.027
12 km 1.400 1.700 1.400 0.640 0,980 * 0.760
9 km * 0.270 0.280 0.260 0,240 0,260 *
7 km * 0.250 0.300 0.250 0,260 0.230 *
5 km * 0.170 0,180 0.190 0,0068 0.150 *
Ti (Titanium)
Ref. 0,0035 0.0024 0.0025 0.0029 0.0028 0,0057 0.0058
12 km 0.0280 0.0330 0.0300 0.0270 0,0270 * 0.0066
9 km * 0.0057 0.0062 0.0053 0,0038 0,0044 *
7 km * 0.0037 0.0100 0.0046 0,0040 0,0120 *
5 km * 0.0033 0.0051 0,0035 0,0068 0.0039 *
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V (Vanadium)
<0.003 mg/L in water samples from the 12 km site on 1-15-87
and <0.01 mg/L in water samples from the same site on all
other dates.
<0.001 mg/L in water samples from all other sites on all
other dates.
Dates    9-21  9-29  10-22  11-7   11-19  1-13  1-15
Zn (Zinc)
Ref. <0.002 <0.002 <0.002 0.024 <0.002 0.0073 0.0081
12 km <0.022 <0.022 <0.022 <0.022 <0.022 * <0.0060
9 km * 0.0034 <0.002 <0.002 <0.002 0.0098 *
7 km * <0.002 <0.002 <0.002 <0.002 <0.0020 *
5 km * <0.002 <0.002 0.029 0.0034 0.0071 *
Zr (Zirconium)
<0.006 mg/L in water sample from the 12 km site on 1-15-87
and <0.022 mg/L in water samples from the same site on all
other dates.
<0.002 mg/L-^in water samples from all other sites on all
dates.
APPENDIX III
Concentrations of metals (}ig/g dry weight) in
Elimia removed from Bear Creek and the reference
site (woe 6.3 km) from September to November
1986.  * Denotes no measurement.  Analyses were
by ICP scans.
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Incubation Period
Site    9-15    9-15   9-29   10-22    10-8   11-19
to      to    to     to      to     to
9-21    9-29   10-8   10-29    11-17  11-25
Ag(Silver)
Detection limits <13 pg/g to <32 ug/g-
No detectable accumulation.
Al (Aluminum)
Reference 260 190 150 300 200 340
12 km 260 400 760 460 730 - 570
9 km * * 320 200 330 270
7 km * * 300 230 360 350
5 km * » 350 330 480 190
As(Arsenic)
Dectection limits ranged from <27 ug/g to <65 ug/g.
No detectable accumulation.
B(Boron)
Detection litaits ranged from <22 ug/g to < 52 ;ig/g.
No detectable accumulation'.
Ba(Barium)
Reference 680
12 km 680
9 km *
7 km *
5 km t
710 880 730 640 600
630 780 780 610 680
* 670 670 ͣ 650 590
* 740 810 1,000 610
* 880 760 660 560
Be(Beryllium)
No detectable accumulation.
Ca(Calcium)
Ref.   380,000 370,000 470,000 390,000  380,000 380,000
12 km  360,000 370,000 400,000 400,000  410,000 380,000
9 km     * * 380,000 380,000  380,000 370,000
7 km      * * 390,000 430,000  610,000 360,000
5 km     * * 390,000 400,000  480,000 360,000
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InciUsation Period
Site 9-15 9-15 9-29 10-22 10-8 11--19
- to to to to to to
9-21 9-29 10-8 10-29 11-17 11--25
Cd (Cadmium)
Ref. <1.4 2.2 <1.3 <3-2 <3.2 <3.2
12 km 5.9 10.0 8.1 4.9 16.0 <3.2
9 km * * <3.2 <3.2 <3.1 <1.3
7 km * * <3.2 <3.2 <2.2 <1.4
5 km * * <3.2 <3.2 <3.2 <1.3
Co(Cobalt)
—^_
Ref. 16 16 19 19 17 15
12 km 17 20 21 20 20 17
9 km * * 18 18 18 14
7 km *   18 20 24 14
5 km * * 23 20 17 14
Cr(Chromiiim)
Detection limits ranged from
No detectabTe accumulation.
:il yg/g  to <26 pg/g.
Cu(Copper
Ref. 6.8 <5.4 6.7 <13 <13 <13
12 km <5.4 <11.0 <13.0 <13 <34 <13
9 km * * <13 <13 ͣ <13 7.7
7 km * * <13 <13 14 8.0
5 km * * <15 <13 <13 7.6
Fe (Iron)
Ref. 750 760 890 800 730 640
12 km 800 690 1,100 950 610 820
9 km * * 810 760 870 770
7 km * * 870 850 1,100 790
5 km * * 1,300 970 810 620
Ga(Gall Lum)
Detection limits range from <80 ;ig/g to 190 ug/g.
There was not any detectable accumulation of the metal.
'27
Li (Lithium)
Detection limits ranged from < 54 y.g/g  to <150 jig/g.
There was no detectable accumulation of the metal.
NteCMagnes ium)
Incubation Period
Site &-15 9-15 9-29 10-22 10-8 11-19
to to to to to to
9-21 9-29 10-8 10-29 11-17 11-25
Ref. 510 380 540 460 530 540
12 km 400 400 550 450 420 500
9 km * * 360 440 450 460
7 km * * 490 500 890 510
5 km * * 350 520 470 440
Mn(Manf$anese)
Ref. 4,000 4,300 5,100 4,700 4,300 3,100
12 km 4,400 4,300 5,300 5,700 3,800 4,000
9 km * * 4,700 4,500 4,500 3,200
7 km * * 4,700 5,400 6,400 3,400
5 km * * 5,800 5,000 4,100 3,000
Mo
Detection limits ranged frpm <11 )ig/g  to <30 ;ig/g.
No detectable accumulation was found.
Na (Sodium)
Ref.    5,100 4,900 6,200 3,800 4,000 3,800
12 km   4,800 3,500 3,700 4,000 2,700 3,600
9 km     * * 3,600 3,800 3,300 5,100
7 km     * t 3,900 4,300 8,700 4,700
5 km     * * 3,800 4,100 3,900 4,700
Ni (Nickel)
Detection limits ranged from <16 jjig/g to <44 ^g/g.
No detectable accumulation was found.
P (Phosphorus)
Ref. 450 370 460 540 610 590
12 km 400 410 510 550 450 520
9 km * * 460 590 630 520
7 km * * 510 GIG 1,100 550
5 km * * 390 590 7U0 520
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Pb (Lead)
Detection limits ranged from <53 jig/g to <150 ^/g.
No detectable accumulation was found.
Sb (Antimony)
Detection limits ranged from <53 to <150 ^g/g.
No detectable accumulation was found.
Se (Selenium)
Detection limits ranged from <53 )ig/g to < 150 pg/g^-
No detectable accumulation was found.
Incubation Period
Site 9-15 9-15 9-29 10-22 10-8 11-19
to to to to to to
9-21 9-29 10-8 10-29 11-17 11-25
Si (Si].icon)
Ref. <54 <54 100 <130 <130 <130
12 km <5^ <110 <130 <130 <340 <130
9 km * * ' <130 <130 <130 57
7 km * * <130 <130 230 87
5 km * * <130 <130 <130 67
Sr (Strontium)
Ref. 120 120 150 130 120 130
12 km 130 120 150 140 130 130
9 km * « 130 130 130 120
7 km * » 140 150 200 120
5 km * * 130 140 140 120
Ti (Titanium)
Ref. 8.9 8.1 <5.3 13 14 14
12 km 8.5 16 14 13 <34 14
9 km * * 13 13 13 9.4
7 km   * 13 14 17 9.5
5 km * * 21 14 15 8.9
129
V (Vanadium)
Detection limits ranged from <2.7 yig/g to < 7.4 ^g/g.
No detectable accumulation was found.
Incubation Period
Site 9-15 9-15 9-29 10--22 10-8 11-19
to to to to to to
9-21 9-29 10-8 10--29 11-17 11-25
Zn (Zinc)
Ref. 34 31 39 34 25 29
12 km 34 38 34 34 46 31
9 km * * 35 30 48 _ 30
7 km * « 33 33 46 33
5 km * « 36 41 30 28
Zr (Zirconium)
Detection limits ranged from <5.3 ;ig/g to <34 yig/g.
No detectable accumulation was found.
Sn (Tin)
Detection limits ranged from <13 >ig/g to <32 jig/g.
No detectable accumulation W6us found.
